
Environmental Health Criteria 238

EXTREMELY LOW FREQUENCY FIELDS

Published under the joint sponsorship of 
the International Labour Organization, 
the International Commission on 
Non-Ionizing Radiation Protection, and 
the World Health Organization.

This report contains the collective views of an
international group of experts and does not
necessarily represent the decisions or the stated
policy of the International Commission of Non-
Ionizing Radiation Protection, the International
Labour Organization, or the World Health
Organization.



WHO Library Cataloguing-in-Publication Data

Extremely low frequency fields.

(Environmental health criteria ; 238)

1.Electromagnetic fields. 2.Radiation effects. 3.Risk assessment. 4.Envi-
ronmental exposure. I.World Health Organization. II.Inter-Organization
Programme for the Sound Management of Chemicals. III.Series.

ISBN 978 92 4 157238 5                                   (NLM classification: QT 34)
ISSN 0250-863X

© World Health Organization 2007

All rights reserved. Publications of the World Health Organization can be
obtained from WHO Press, World Health Organization, 20 Avenue Appia,
1211 Geneva 27, Switzerland (tel.: +41 22 791 3264; fax: +41 22 791 4857; e-
mail: bookorders@who.int). Requests for permission to reproduce or translate
WHO publications – whether for sale or for noncommercial distribution –
should be addressed to WHO Press, at the above address (fax: +41 22 791
4806; e-mail: permissions@who.int). 

The designations employed and the presentation of the material in this
publication do not imply the expression of any opinion whatsoever on the part
of the World Health Organization concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. Dotted lines on maps represent approximate border
lines for which there may not yet be full agreement.

The mention of specific companies or of certain manufacturers’ products
does not imply that they are endorsed or recommended by the World Health
Organization in preference to others of a similar nature that are not men-
tioned. Errors and omissions excepted, the names of proprietary products are
distinguished by initial capital letters.

All reasonable precautions have been taken by the World Health Organi-
zation to verify the information contained in this publication.  However, the
published material is being distributed without warranty of any kind, either
expressed or implied.  The responsibility for the interpretation and use of the
material lies with the reader.  In no event shall the World Health Organization
be liable for damages arising from its use.  

This publication contains the collective views of an international group of
experts and does not necessarily represent the decisions or the stated policy
of the World Health Organization.

Printed in Spain 



iii

Environmental Health Criteria
CONTENTS

PREAMBLE .................................................................................................xi
The WHO Environmental Health Criteria Programme .....................xi
Electromagnetic Fields ......................................................................xi
Scope.................................................................................................xii
Procedures........................................................................................xiii
Extremely Low Frequency Environmental Health Criteria.............xiv
Participants in the WHO Expert Working Groups ...........................xv
Acknowledgements...........................................................................xx
Abbreviations...................................................................................xxi

1 SUMMARY AND RECOMMENDATIONS FOR FURTHER 
STUDY...............................................................................................1

1.1 Summary .......................................................................................1
1.1.1 Sources, measurements and exposures....................................1
1.1.2 Electric and magnetic fields inside the body...........................2
1.1.3 Biophysical mechanisms .........................................................3
1.1.4 Neurobehaviour .......................................................................5
1.1.5 Neuroendocrine system ...........................................................6
1.1.6 Neurodegenerative disorders ...................................................7
1.1.7 Cardiovascular disorders .........................................................8
1.1.8 Immunology and haematology................................................8
1.1.9 Reproduction and development...............................................8
1.1.10 Cancer......................................................................................9
1.1.11 Health risk assessment...........................................................11
1.1.12 Protective measures ...............................................................12

1.2 Recommendations for research...................................................14
1.2.1 Sources, measurements and exposures..................................14
1.2.2 Dosimetry ..............................................................................15
1.2.3 Biophysical mechanisms .......................................................15
1.2.4 Neurobehaviour .....................................................................16
1.2.5 Neuroendocrine system .........................................................17
1.2.6 Neurodegenerative disorders .................................................17
1.2.7 Cardiovascular disorders .......................................................17
1.2.8 Immunology and haematology..............................................17
1.2.9 Reproduction and development.............................................17
1.2.10 Cancer....................................................................................17
1.2.11 Protective measures ...............................................................18

2 SOURCES, MEASUREMENTS AND EXPOSURES.................21
2.1 Electric and magnetic fields ........................................................21

2.1.1 The field concept ...................................................................21
2.1.2 Quantities and units ...............................................................22
2.1.3 Polarization............................................................................22
2.1.4 Time variation, harmonics and transients..............................23
2.1.5 Perturbations to fields, shielding ...........................................24



iv

2.2 Sources of alternating fields ....................................................... 25
2.2.1 Electric fields ........................................................................ 25
2.2.1.1 Naturally occurring fields................................................ 25
2.2.1.2 Artificial fields ................................................................ 26
2.2.2 Magnetic fields...................................................................... 28
2.2.2.1 Naturally occurring fields................................................ 28
2.2.2.2 Artificial fields ................................................................ 30

2.3 Assessment of exposure.............................................................. 54
2.3.1 General considerations .......................................................... 54
2.3.2 Assessing residential exposure to magnetic fields: 

methods not involving measurement .................................... 56
2.3.2.1 Distance ........................................................................... 56
2.3.2.2 Wire code ........................................................................ 56
2.3.2.3 Calculated historical fields .............................................. 58
2.3.3 Assessing residential exposure to magnetic 

fields using measurements .................................................... 59
2.3.3.1 Spot measurements in the home...................................... 59
2.3.3.2 Longer-term measurements in homes ............................. 60
2.3.3.3 Personal exposure monitoring ......................................... 63
2.3.4 Assessing exposure to magnetic fields from appliances ....... 65
2.3.5 Assessing exposure at schools .............................................. 66
2.3.6 Assessing non-occupational exposure to magnetic fields: 

discussion .............................................................................. 67
2.3.7 Assessing occupational exposure to magnetic fields ............ 68
2.3.8 Assessing exposure to electric fields..................................... 71
2.3.9 Exposure assessment: conclusions........................................ 72

3 ELECTRIC AND MAGNETIC FIELDS INSIDE THE BODY 73
3.1 Introduction................................................................................. 73
3.2 Models of human and animal bodies .......................................... 74
3.3 Electric field dosimetry............................................................... 76

3.3.1 Basic interaction mechanisms ............................................... 76
3.3.2 Measurements ....................................................................... 77
3.3.3 Computations ........................................................................ 77
3.3.4 Comparison of computations with measurements ................ 83

3.4 Magnetic field dosimetry ............................................................ 85
3.4.1 Basic interaction mechanisms ............................................... 85
3.4.2 Computations – uniform field ............................................... 85
3.4.3 Computations – non-uniform fields ...................................... 89
3.4.4 Computations – 

inter-laboratory comparison and model effects..................... 90
3.5 Contact current............................................................................ 91
3.6 Comparison of various exposures............................................... 92
3.7 Microscopic dosimetry ............................................................... 93
3.8 Conclusions................................................................................. 95

4 BIOPHYSICAL MECHANISMS ................................................. 97
4.1 Introduction................................................................................. 97
4.2 The concept of plausibility ......................................................... 97



v

4.3 Stochastic effects, thresholds and dose-response relationships ..98
4.4 Induced currents and fields .......................................................100

4.4.1 Currents induced by fields...................................................100
4.4.2 Comparison with noise........................................................100
4.4.3 Myelinated nerve fibre stimulation thresholds....................101
4.4.4 Neural networks and signal detection .................................102
4.4.5 Transients ............................................................................103
4.4.6 Heating effects of induced currents.....................................103
4.4.7 Summary on induced currents .............................................103

4.5 Other direct effects of fields......................................................104
4.5.1 Ionization and breaking of bonds ........................................104
4.5.2 Forces on charged particles .................................................105
4.5.3 Forces on magnetic particles ...............................................105
4.5.4  Free radicals .......................................................................107
4.5.5 Effects with narrow bandwidths..........................................109
4.5.5.1 Cyclotron resonance ......................................................109
4.5.5.2 Larmor precession .........................................................109
4.5.5.3 Quantum mechanical resonance phenomena.................109
4.5.6 Stochastic resonance............................................................110

4.6 Indirect effects of fields ............................................................110
4.6.1 Surface charge and microshocks .........................................110
4.6.2 Contact currents...................................................................110
4.6.3 Deflection of cosmic rays....................................................111
4.6.4 Effects on airborne pollutants..............................................112
4.6.4.1 Production of corona ions..............................................112
4.6.4.2 Inhalation of pollutant particles .....................................113
4.6.4.3 Deposition under power lines ........................................114
4.6.4.4 Implications for health...................................................115

4.7 Conclusions...............................................................................115
5 NEUROBEHAVIOUR .................................................................118

5.1 Electrophysiological considerations .........................................118
5.2 Volunteer studies.......................................................................121

5.2.1 Surface electric charge ........................................................121
5.2.2 Nerve stimulation ................................................................123
5.2.3 Retinal function ...................................................................124
5.2.4 Brain electrical activity .......................................................125
5.2.5 Sleep ....................................................................................131
5.2.6 Cognitive effects..................................................................132
5.2.7 Hypersensitivity...................................................................136
5.2.8 Mood and alertness..............................................................137

5.3 Epidemiological studies ............................................................143
5.3.1 Depression ...........................................................................143
5.3.2 Suicide .................................................................................143

5.4 Animal studies...........................................................................145
5.4.1 Perception and field detection .............................................145
5.4.2 Arousal and aversion ...........................................................147
5.4.3 Brain electrical activity .......................................................151



vi

5.4.4 Neurotransmitter function ................................................... 152
5.4.5 Cognitive function............................................................... 153

5.5 Conclusions............................................................................... 160
6 NEUROENDOCRINE SYSTEM................................................ 162

6.1 Volunteer studies ...................................................................... 162
6.1.1 The pineal hormone: melatonin .......................................... 162
6.1.1.1 Laboratory studies ......................................................... 162
6.1.1.2 Residential and occupational studies............................. 163
6.1.2 Pituitary and other hormones .............................................. 165

6.2 Animal studies .......................................................................... 171
6.2.1 Melatonin ............................................................................ 171
6.2.1.1 Laboratory rodents ........................................................ 171
6.2.1.2 Seasonal breeders .......................................................... 172
6.2.1.3 Non human primates ..................................................... 177
6.2.2 The pituitary and other hormones ....................................... 178
6.2.2.1 Pituitary-adrenal effects................................................. 178
6.2.2.2 Other endocrine studies ................................................. 179

6.3 In vitro studies .......................................................................... 179
6.3.1 Effects on melatonin production in vitro ............................ 181
6.3.2 Effects on the action of melatonin in vitro.......................... 182

6.4 Conclusions............................................................................... 185
7 NEURODEGENERATIVE DISORDERS ................................. 187

7.1 Alzheimer disease ..................................................................... 188
7.1.1 Pathology ............................................................................ 188
7.1.2 Epidemiology ...................................................................... 189

7.2 Amyotrophic lateral sclerosis ................................................... 196
7.2.1 Pathology ............................................................................ 196
7.2.2 Epidemiology ...................................................................... 196

7.3 Parkinson disease, Multiple Sclerosis....................................... 202
7.3.1 Pathology ............................................................................ 202
7.3.2 Epidemiology ...................................................................... 203

7.4 Discussion................................................................................. 203
7.5 Conclusions............................................................................... 206

8 CARDIOVASCULAR DISORDERS.......................................... 207
8.1 Acute effects ............................................................................. 207

8.1.1 Electrocardiogram changes, heart rate, 
and heart rate variability...................................................... 207

8.1.2 Blood pressure..................................................................... 210
8.2 Long-term effects...................................................................... 211
8.3 Discussion................................................................................. 218

8.3.1 Heart rate variability hypothesis ......................................... 218
8.3.2 Epidemiologic evidence ...................................................... 219

8.4 Conclusions............................................................................... 220
9 IMMUNE SYSTEM AND HAEMATOLOGY.......................... 221

9.1 Immune system......................................................................... 221
9.1.1 Human studies..................................................................... 222



vii

9.1.2 Animal studies.....................................................................224
9.1.3 Cellular studies ....................................................................226

9.2 Haematological system .............................................................233
9.2.1 Human studies .....................................................................233
9.2.2 Animal studies.....................................................................233
9.2.3 Cellular studies ....................................................................236

9.3 Conclusions...............................................................................237
10 REPRODUCTION AND DEVELOPMENT .............................239

10.1 Epidemiology ............................................................................239
10.1.1 Maternal exposure ...............................................................239
10.1.1.1 Video display terminals .................................................239
10.1.1.2 Electrically heated beds .................................................239
10.1.1.3 Other residential and occupational exposure.................242
10.1.2 Paternal exposure ................................................................246

10.2  Effects on laboratory mammals ...............................................247
10.2.1 Electric fields.......................................................................247
10.2.2 Magnetic fields ....................................................................247
10.2.2.1 Effects on prenatal development ...................................247
10.2.2.3 Multi-generation studies ................................................250
10.2.2.4 Effects on mammalian embryos in vitro........................250
10.2.2.5 Effects of paternal exposure ..........................................251

10.3 Effects on non-mammalian species...........................................252
10.3.1 Bird embryos .......................................................................252
10.3.1.1 Development..................................................................252
10.3.1.2 Interaction with known teratogens.................................253
10.3.2 Other non-mammalian species ............................................253

10.4 Conclusion ................................................................................254
11 CANCER .......................................................................................255

11.1 IARC 2002 evaluation: summary .............................................256
11.2 Epidemiological studies ............................................................263

11.2.1 Childhood leukaemia...........................................................263
11.2.1.1 Epidemiology.................................................................263
11.2.1.2 Trends and ecologic correlations ...................................266
11.2.1.3 New data ........................................................................268
11.2.1.4 Evaluating epidemiological evidence: 

possible explanations .....................................................270
11.2.2 Adult cancer ........................................................................276
11.2.2.1 Breast cancer..................................................................277
11.2.2.2 Leukaemia and brain cancer ..........................................291
11.2.2.3 Other cancers .................................................................305
11.2.3 Epidemiology: conclusions .................................................307

11.3 Carcinogenesis in laboratory animals .......................................308
11.3.1 Rodent bioassays .................................................................308
11.3.1.1 Large scale, life-time studies .........................................308
11.3.1.2 Leukaemia/lymphoma ...................................................309
11.3.1.3 Brain tumours ................................................................310
11.3.2 EMF exposure combined with carcinogens ........................312



viii

11.3.2.1 Liver pre-neoplastic lesions........................................... 312
11.3.2.2 Leukaemia/lymphoma ................................................... 312
11.3.2.3 Mammary tumours ........................................................ 313
11.3.2.4 Skin tumours.................................................................. 314
11.3.2.5 Brain tumours ................................................................ 315
11.3.3 Transplanted tumours.......................................................... 316
11.3.4 Genotoxicity in animals ...................................................... 316
11.3.5 Non-genotoxic studies......................................................... 321
11.3.6 Animal studies: conclusions................................................ 321

11.4 In vitro carcinogenesis studies.................................................. 322
11.4.1 Genotoxic effects ................................................................ 323
11.4.1.1 Genotoxic effects of ELF magnetic fields alone ........... 323
11.4.1.2 Combined genotoxic effects .......................................... 324
11.4.2 Expression of oncogenes and cancer-related genes ............ 327
11.4.3 Differentiation, proliferation and apoptosis ........................ 335
11.4.4 Gap junction intercellular communications ........................ 339
11.4.5 Free radicals ........................................................................ 346
11.4.6 In vitro conclusions ............................................................. 347

11.5 Overall conclusions................................................................... 347
12 HEALTH RISK ASSESSMENT................................................. 349

12.1 Introduction............................................................................... 349
12.2 Hazard identification................................................................. 350

12.2.1 Biological versus adverse health effects ............................. 350
12.2.2 Acute effects........................................................................ 350
12.2.3 Chronic effects .................................................................... 350

12.3 Exposure assessment................................................................. 351
12.3.1 Residential exposures.......................................................... 351
12.3.2 Occupational exposures ...................................................... 351

12.4 Exposure-response assessment ................................................. 352
12.4.1 Threshold levels .................................................................. 352
12.4.2 Epidemiological methods.................................................... 352

12.5 Risk characterization................................................................. 353
12.5.1 Acute effects........................................................................ 353
12.5.2 Chronic effects .................................................................... 353
12.5.3 Uncertainties in the risk characterization............................ 354
12.5.3.1 Biophysical mechanisms ............................................... 354
12.5.3.2 Exposure metric............................................................. 355
12.5.3.3 Epidemiology ................................................................ 355

12.6 Conclusions............................................................................... 355
13 PROTECTIVE MEASURES ...................................................... 357

13.1 Introduction............................................................................... 357
13.2 General issues in health policy ................................................. 357

13.2.1 Dealing with environmental health risks............................. 357
13.2.2 Factors affecting health policy ............................................ 359

13.3 Scientific input.......................................................................... 361
13.3.1 Emission and exposure standards........................................ 361
13.3.2 Risk in perspective .............................................................. 362

预览已结束，完整报告链接和二维码如下：
https://www.yunbaogao.cn/report/index/report?reportId=5_29648


