September 22, 2010
Ontario Agency for Health Protection and Promotion releases Report on WiFi.
National media outlets recently reported that concerned parents believe the WiFi wireless
internet technology, currently being deployed in schools, might be damaging their
children’s health. A growing population wants the rapid proliferation of this technology to
be halted until it is properly tested, especially on children. To address these concerns the
Ontario Agency for Health Protection and Promotion (OAHPP) reviewed the literature
related to the health effects of WiFi and released their report 1 last week (September 16,
2010).
To my knowledge, this is the first time a provincial agency in Ontario has publicly
commented and presented data about the health effects of microwave radiation without
deferring to Health Canada. In this aspect, the OAHPP report can be viewed as a major
victory for citizens of Ontario.
Unlike drugs, which can't be brought to market without extensive laboratory testing and
clinical trials, electronic consumer products are mainly tested for safety against fire and
shocks. The Canadian Standards Association (CSA) also tests WiFi to ensure that the
device's microwave radiation operates within Industry Canada's guidelines. And just as
drugs can have unwanted, unpleasant, and, in some cases, deadly side-effects, the sideeffects of this technology need to be acknowledged.
Even though WiFi technology has been in use for more than a decade, health research on
WiFi is virtually non-existent. Consequently, for this report, the OAHPP relied on cell
phone studies and, to a lesser extent, on cell tower studies to extrapolate the possible
effects of WiFi radiation.
OAHPP RECOGNIZES THE POSSIBILITY OF CANCER FROM CELL PHONE TECHNOLOGY
The OAHPP presented studies showing that long-term, frequent users of cell phones may
develop tumors on the same side of the head where the cell phone is used and those living
near cell phone base stations may experience adverse health effects.
The statement about cell phones is echoed by the World Health Organization 2 (WHO)
and is based on the INTERPHONE 3 study.
“The largest ever international study of mobile phone safety has concluded that the
devices do not raise the risk of brain cancer, except for a possible slight increase in
tumours among the most intensive users.”
The term “most intensive users” is defined as total cumulative use at or exceeding 1640
hours.
The cell tower conclusions are based on eight out of ten studies, in a recent review 4, that
document neuro-behavioural changes or cancer among those living near cell phone
antennas.

These two conclusions need to be taken seriously and this document should be widely
circulated, especially in light of Premier Dalton McGinty’s recent statement that cell
phones have a place in the classroom 5.
The document goes on to state that WiFi is unlikely to be harmful because exposure levels
are much lower than for cell phones. Unfortunately, the OAHPP underestimated
microwave exposure generated by industrial WiFi that is currently being installed in some
schools and failed to take into account the following points: High Power Industrial WiFi
1. Industrial grade WiFi systems generate radiation that can penetrate thick concrete
block walls throughout the school campus and are capable of delivering more than
200 simultaneous "high speed" connections. They are 10 times more powerful than
home WiFi systems. These "cluster" base stations often employ 16 transmitters in
each pod and are unlike WiFi devices in the home. WiFi base stations constantly
pulse microwave radiation whether or not computers are connected to the internet.
Students and staff are exposed to 1200 hours of WiFi radiation during an academic
year (6 hours a day, 5 days a week, for approximately 10 months). This value does
not take into consideration exposure in the home and is disturbingly close to the
1640 hours of cell phone use in the INTERPHONE study associated with a 40%
increase in brain tumors (glioma). It is considerably higher than Toronto Public
Health’s 6 recommendation that teenagers limit their use of cell phones to less than
10-minutes a day.
2. Exposure also comes from the WiFi enabled tablets such as iPads or Smart Phones
(iPhone, Blackberry). These devices are handheld and thus provide more radiation
directly into your body than that measured at a distance of one meter, upon which
the OAHPP based its exposure.
3. Radiation levels increase during data transmission and, with hundreds of students
in a school simultaneously connecting to the internet, exposure is likely to be much
higher than it would be in a home with only a few simultaneous users.
4. WiFi emissions are pulsed and pulsed emissions are more biologically damaging
than continuous waves generated by a microwave oven, for example.
Consequently, some countries (unlike Canada), have more stringent guidelines for
pulsed than for continuous wave radiation.
DRAWING A CONCLUSION
The OAHPP ends on a note stating that it is unlikely that the scientific controversies
related to the potentially harmful effects of radio frequency radiation are going to be
resolved in the near future even after decades of additional research. It bases this on the
controversy related to the health effects of power lines.
The WHO and other international agencies dealing with health classify low frequency
magnetic fields, generated by power lines, as a Class 2b carcinogen (possibly carcinogenic)
based on numerous studies of childhood leukemia. Although the power utilities and the
electronic industries will deny any harm from electricity other than electrocution, the

public has become aware of the ill effects of high voltage power lines. They have
selectively chosen to live far from such power lines if they have children and are
concerned about exposure. Home real estate values near power lines are significantly
lower.
While it would be ideal if Health Canada 7 lowered exposure guidelines for radio
frequency and microwave radiation, this is unlikely to happen in the near future and may
never happen because of the financial strain it would place on both the military and the
many industries relying on this technology.
All activities have some related risk and we need to decide how much risk we are each
willing to take. However, when it comes to the health of children, minimizing the risk is
mandatory. The preferred choice is to have wired internet access in the form of fiber
optics and high speed Ethernet. This is true for the home, school, and work environment.
If WiFi is used in schools it needs to be used intelligently. This involves limiting the
spatial range of exposure, establishing WiFi-free areas, providing wired access to those
who choose not to use wireless, and limiting the duration of exposure in each classroom.
Sadly, we cannot rely on Health Canada to protect us. Avoiding frivolous use and choosing
to use this technology wisely may be our only option. With regard to WiFi, we are
currently conducting an experiment of global proportions and are using children and
employees as involuntary test subjects.
The original OAHPP document 1 is attached to this letter along with my specific
comments, marked in yellow and red, which can be accessed using Adobe Reader.
The OAHPP document mainly focuses on the "thermal effect" of microwave radiation.
Health Canada considers WiFi to be safe because it does not heat your body. A second
document 8 from the Canadian government is attached and will provide the rationale
behind the radiation guidelines in Canada that are based on a "thermal effect". It was
designed to protect workers who operate dielectric (radio frequency) heat sealers that are
used in the plastic molding industry.
Since no WiFi health studies on humans were presented, I have also attached a U.S.
military study 9, which closely simulates the actual effect of pulsed digital WiFi
frequencies (2.4 GHz) in a long-term (25 month), low-level (non-thermal) exposure
experiment. The major finding in this report is that rats exposed to these frequencies had a
higher rate of both primary and metastatic cancers. While applying the results of rat studies
to humans has its limitations, these data cannot be ignored.

Dr. Magda Havas is Associate Professor of Environmental and Resource Studies at Trent
University, Peterborough, Canada. She teaches and does research on the health effects of
electromagnetic pollution. She can be reached at drmagdahavas@gmail.com;
www.magdahavas.com
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Wireless Technology and Health Outcomes: Evidence and Review
Are there human health effects related to the use of wireless internet technology (Wi-Fi)?
Dr. Ray Copes, Director of Environmental and Occupational Health, Ontario Agency for Health
Protection and Promotion
Dr. Lawrence Loh, community medicine resident, Ontario Agency for Health Protection and Promotion

Background
Wireless internet technology (also known by its trademark name Wi-Fi) initially was conceived in the
mid 1980s but only came into widespread use in the mid-2000s, most notably as part of municipal freeinternet projects1 (e.g. Toronto Hydro OneZone2.) Today, wireless internet is ubiquitous in homes,
hotels, airports, and public institutions such as schools, libraries and long-term care homes.
Although Wi-Fi is a relatively new communication technology, use of the radiofrequency (RF) band for
communications and other applications is not new and widespread public exposure to these frequencies
has occurred for decades. In addition to Wi-Fi, numerous other technologies also employ the RF band,
including cellular phones and their base tower infrastructure, conventional television and radio signals,
home cordless phones, and microwave ovens.3
The RF band is a band of non-ionizing radiation that ranges from 3 kHz – 300,000 MHz1, 4, 5. The RF band
is part of the electromagnetic spectrum, with frequencies below those associated with visible light and
X-rays and higher than those frequencies associated with power lines. Unlike the much higher
frequencies associated with X-rays and ultraviolet radiation, including sunlight, RF lacks sufficient energy
to break chemical bonds.
Of these technologies, the bulk of research in RF has been on cellular phones. Cellular phones have been
in use longer than Wi-Fi and are associated with higher field strengths. Thus, when considering total RF
exposure in terms of power density, duration, distance (from source) and frequency of exposure 6, it is
important to remember that Wi-Fi may represent only a small proportion of an individual’s overall RF
exposure 3 .
In most countries exposure limits for RF are set at the national level. Industry Canada regulates RF in
Canada7. For protection of human health from adverse effects of RF exposure, they have adopted Health
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Canada’s Safety Code 6 (revised 2009), which sets exposure limits8 for controlled and uncontrolled
environments.
Limits for RF are typically specified in two ways. The first is as a specific absorption rates (SARs), which
are measured in power absorbed (Watts) per unit mass (kilograms), given as a whole-body average, or a
localized measurement8. Secondly, limits are also set for power densities measured from the source in
Watts per square meter9.
SARs are based on non-human primate studies; the predominant health effect addressed is tissue
heating, which occurs at 4 W/kg of exposure over whole body. Applying a safety factor of 10, Safety
Code 6 sets exposure limits for controlled environments to whole body, head and trunk of 0.4 Watts per
kilogram, 8 Watts per kilogram, and 20 Watts per kilogram respectively8.
For uncontrolled environments to protect the general public, a safety margin of 50 is used to derive
exposure limits to whole-body, head, and trunk of 0.08 Watts per kilogram, 1.6 Watts per kilogram and
4 Watts per kilogram respectively. The International Commission on Non-Ionizing Radiation Protection
(ICNIRP) also sets limits on power-density emissions from sources of 10 Watts per square metre9.
The recent proliferation of Wi-Fi devices has increased concerns about potential effects of RF exposure
on human health and raised questions as to whether exposure limits set on the basis of tissue heating
are sufficiently protective. This document considers Wi-Fi exposures in context with other current
sources of RF exposure and recent reviews of health outcomes research on RF exposures.

Exposure research
Exposure research addresses source intensity and power density, frequency and duration of exposure,
and distance from the source, in measuring potential exposures and health effects 6.
Modeling of RF exposure has been undertaken by researchers at the United Kingdom National
Radiological Protection Board. In studies on mobile phone exposures, they found that head and neck
exposures to RF with maximum handset use (resembling a controlled exposure of 100% RF absorbed by
tissue) was 3.09-4.61 W/kg10.
By comparison, for Wi-Fi, the same researchers found that for a child typically using a laptop within
good signal range of a wireless router, RF exposure to the head was 0.0057 W/kg. This represents less
than 1% of the SAR calculated for a typical mobile phone exposure and well below the 1.6 W/kg limit to
head for uncontrolled exposures 3.
With regards to source power densities, Foster and others demonstrated that maximum and median WiFi exposures were significantly below the exposure limit set by the ICNIRP (see Table 16). Another study
found cellular base antenna power densities to be 0.05 W/m2 11.
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Table 1 – Comparison of measured RF fields with Wi-Fi (adapted from Foster)
RF activity being measured or calculated

Maximum timeaveraged power density
(W/m2)

Median timeaveraged power
density (W/m2)

Laptop not communicating with Wi-Fi, measured directly
next to Wi-Fi access point

0.007

0.000012

Laptop uploading/downloading file, measured 1 metre
away from laptop Wi-Fi card

0.001

0.000016

Laptop uploading/downloading file, average of
measurements taken at different distances from laptop

0.04

0.00006

Outcomes research
As Wi-Fi is a more recent application of RF and generally results in much lower levels of exposure to RF,
much of the available scientific literature on potential health effects of RF is based on studies of cell
phones.
Multiple biologic outcomes have been explored, including cancer, infertility in animals, behavioural
changes, and “electromagnetic hypersensitivity” (EHS), defined as a set of non-specific symptoms such
as nausea, headache, and dizziness12.

Reviews by regulatory and standard setting organizations
The Health Protection Agency in the United Kingdom has done extensive work researching the potential
effects of Wi-Fi. Their review13 concluded there is no consistent evidence that Wi-Fi has adverse human
health effects; it also concludes by stating there is no reason why schools and other public facilities
should not use Wi-Fi equipment.
Health Canada has issued statements reaffirming Safety Code 6:
“Safety Code 6 offers the best protection for Canadian workers and the general public, for several
reasons: it is based on [...] evidence [...] from hundreds of peer-reviewed RF studies; has been reviewed
and recommended by independent third parties such as the Royal Society of Canada; and [has limits]
among the most stringent in the world.”14
A recent Health Canada statement released on Aug. 18, 2010, has highlighted that all Wi-Fi devices must
meet Safety Code 6 and that “radiofrequency energy emitted from Wi-Fi equipment are typically well
below these safety limits.”15
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The World Health Organization has published extensively about the risks of low-level RF exposure. In a
background document about electromagnetic fields, the WHO states:
“No obvious adverse effect of exposure to low level radiofrequency fields has been discovered [...]
further research aims to determine whether any less obvious effects might occur at very low exposure
levels.”16

Published reviews
The Bio-Initiatives Working Group is an ad-hoc group of scientists and public policy analysts who
produced “The BioInitiative Report: A Rationale for a Biologically-based Public Exposure Standard for
Electromagnetic Fields.”
This report reached different conclusions and recommendations as compared to the international health
and standard setting organizations17. The authors review a number of selected papers and draw the
conclusion that the evidence clearly supports health effects related to RF exposure and dramatically
stated that “it is not unreasonable to question the safety of RF at any level”.
The report goes on to suggest a precautionary level for human exposure to electromagnetic fields that is
approximately 10,000 times lower than existing regulatory limits.
This conclusion was reviewed and challenged in a publication by the Committee on Man and Radiation
(COMAR) 18. This 46 member expert group raised a number of criticisms of the BioInitiatives Report, such
as selectiveness in papers reviewed, inconsistencies in the review process, and questions as to the
impartiality of the reviewers on the panel.
Moreover, the COMAR report also points out that BioInitiatives suggested RF limits of human exposure
would affect the use of public safety RF devices, including airport radar installations, and police and
emergency communication systems.
The Royal Society of Canada commissioned a panel in 1999 to review the adequacy of Safety Code 6 and
possible revisions in view of potential non-thermal biologic effects; the panel report19 “found no
evidence of documented health effects in animals or humans exposed to non-thermal levels of
radiofrequency fields” although calling for additional research.
An update by the same panel in 200320 repeated the same conclusion, and again noted the need for
additional research.
Finally, a third update by many of the original authors was published in 200921. As this is the most recent
comprehensive review of the literature on the effects of RF exposure, its conclusions are summarized
below.
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This most recent review summarizes outcomes from cellular and animal studies as follows:
"Effects of RF fields on various biological systems were investigated in some depth. Although the
majority of studies provided no evidence of genotoxic effects, there are a few positive findings that
warrant follow up. Some cellular studies provided evidence that gene expression is affected at RF field
exposure levels close to current safety limits. If these studies are replicated and confirmed, they will be
of importance in understanding how RF fields may interact with biological tissues. It is possible that
small temperature elevations may have accounted for some of the observations in cell culture studies.
Accordingly, the importance of non-RF heat studies is stressed. Overall, there is little evidence of
cellular effects of RF fields of health significance below current safety limits. In the future, it would be of
interest to investigate the complex modulation patterns and intensity variations corresponding to the RF
fields produced by actual mobile phones."
The review of human clinical studies including those on electromagnetic hypersensitivity is summarized
as:
"Various subjective symptoms, including dermatological symptoms (redness, tingling and burning
sensations) as well as neurasthenic and vegetative symptoms (fatigue, tiredness, concentration
difficulties, dizziness, nausea, heart palpitation, and digestive disturbances and other unpleasing feelings
such as a burning sentient or a faint pain), were suggested as being triggered by exposure to RF fields.
However, the limited number of studies conducted to date found no evidence for an association
between these reported symptoms of EHS and exposure to electromagnetic fields. Small changes in
electrical activity and neurotransmitter biochemistry were observed in some studies, although no
evidence of impaired cognitive functioning was attributed to these observations. Scientific evidence to
date has found no consistent evidence of altered cardiovascular system or auditory parameters
following RF field exposures. A recent study suggested that exposure to RF fields from mobile phones
may be associated with sperm quality; this finding warrants follow-up."
The final group of studies reviewed, epidemiological studies, is summarized as:
"At present, the results from epidemiologic studies do not provide sufficient evidence to support a clear
association between mobile phone use and an increased risk of head and neck benign tumours.
However, there have been reports of a higher risk of brain tumour and acoustic neuroma in some
studies. Exposure assessment in these studies was based largely on self-reports of past mobile phone
use. Additional investigations of the possible association between mobile phone use and cancer risk,
particularly among chronic heavy users of mobile phones, are needed to clarify this issue."

Recent studies
Since the publication of the review by Habash et al, additional research has been published. While none
of the recent research invalidates or overturns the previously accumulated weight of evidence, some of
the recently published studies do provide additional insights.
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As indicated by the Habash et al review, numerous case-control studies 22,23,24,25 using cancer as an
outcome conducted in different countries around the world have not supported a clear association
between cancer and cellular phone use. The most recent study is the INTERPHONE study, whose results
were published in June 2010.
In a meta-analysis of several studies of cellphone use and its association with tumours carried out by
Hardell et al. there was no demonstrable increase in risk for most tumours considered. However, there
was an indication of an increased risk for glioma, acoustic neuroma, and meningioma with ipsilateral
cellphone use of greater than 10 years26.
A review by Kundi and Hutter described studies conducted in France, Spain and Austria, where
participants estimated their distance from a cellular base station. They then rated a list of 18 symptoms
(e.g. fatigue, headaches, and sleeping problems) and how frequently they experienced them. None of
the studies showed any statistically significant relationship between symptoms and proximity to a base
station27.
A review on base stations by Khurana and others reviewed 10 studies, eight of which were positive for
neuro-behavioural changes or cancer; however, the reviewers did state that the studies reviewed
involved low numbers of participants and were of poor methodological quality which limits the
reliability of any conclusions 28. The authors indicated that further research into these outcomes is
urgently required.
A review of 46 blind or double-blind studies with exposure to active or sham electromagnetic fields
concluded that despite the conviction of sufferers from electromagnetic hypersensitivity that their
symptoms are triggered by exposure to electromagnetic fields, repeated experiments have been unable
to replicate this phenomenon under controlled conditions. For this reason, clinicians and policymakers
are cautioned that a narrow focus on bio-electromagnetic mechanisms is unlikely to help these patients
in the long-term. 29
Three recent publications have looked at the effects of RF exposures or cellphone use in young people.
Abramson et al30 studied 317 7th graders. Self reported cellphone use was associated with more rapid
but less accurate responses on a computerized cognitive test battery.
As the findings were similar for use of text messaging the authors’ opinion was that the behaviours may
have been learned through frequent use and were unlikely due to RF exposure. Heinrich et al31 studied
3022 Bavarian children and adolescents. Half the children and nearly every adolescent owned a mobile
phone.
Measured RF exposure was well below ICNIRP reference levels. No statistically significant association
was found between measured exposure and chronic symptoms. While concluding that their crosssectional study did not indicate any association between exposure to RF and chronic well-being in
children and adolescents, they called for additional prospective studies to confirm their results. The
same group also published a study32 looking at behavioural problems in the children and adolescents.
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The adolescents, but not the children, with the high RF exposures (associated with greater cellphone
use) had more overall behavioural problems as assessed by a questionnaire. There was an association
between conduct problems and RF exposure for both adolescents and children.

Conclusions
Research on potential health effects from exposure to RF energy is an active field of investigation. Not
surprisingly there is inconsistency and in some cases conflict between the results of individual studies.
Given this inconsistency, it is possible to select the results of individual research studies in support of a
variety of opinions; which may range from no risk of health effects on the one hand, to a clear need to
reduce current exposure limits on the other.
For this reason, up-to-date reviews of literature which follow a weight of evidence approach are far
more useful for informing debate and sound policymaking than reliance on individual studies.
The Royal Society of Canada performed a highly credible review in 1999. Updates to this review have
been published; the most recent in 2009. While the most recent review continues to call for additional
research to follow up on new findings, after a decade of additional research, there is still no conclusive
evidence of adverse effects on health at exposure levels below current Canadian guidelines.
While far from conclusive, there is emerging evidence that long-term frequent use of cellphones may be
associated with an increased risk of tumours on the side of the head where the cellphone is used. This is
an active area of research and additional studies may confirm or refute this association.
The degree of ‘precaution’ that should be incorporated into exposure limits for the public is always a
subject for debate. There is general agreement that the exposure limits in Health Canada’s Safety Code
6 are protective against effects produced through tissue heating. Consistent evidence on the level at
which this occurs is available and exposure limits can be set on the basis of this well-established effect
and use of safety factors selected by the standard setting organization.
Recently published research demonstrates that Wi-Fi exposure are not only well within recommended
limits, but are only a small fraction (less than 1%) of what is received during typical use of cellphones3.
For this reason much of the research on possible effects of RF energy has been focused, and will likely
continue to focus, on exposures from cellphones rather than the lower exposures associated with RF
uses such as Wi-Fi. RF exposures to the public, including school children, from Wi-Fi are far lower than
occur with cellphone use and to date there is no plausible evidence that would indicate current public
exposures to Wi-Fi are causing adverse effects on health.
Given the experience with other sources of non-ionizing radiation (e.g. power lines) that have been in
use much longer than cellphones or Wi-Fi, it is unlikely that all controversies related to potential RF
effects will be resolved even after decades of additional research.
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Epidemiological Evidence for a Health Risk
from Mobile Phone Base Stations
VINI G. KHURANA, LENNART HARDELL, JORIS EVERAERT, ALICJA BORTKIEWICZ,
MICHAEL CARLBERG, MIKKO AHONEN

Human populations are increasingly exposed to
microwave/radiofrequency (RF) emissions from wireless communication technology, including mobile
phones and their base stations. By searching PubMed,
we identified a total of 10 epidemiological studies that
assessed for putative health effects of mobile phone
base stations. Seven of these studies explored the association between base station proximity and neurobehavioral effects and three investigated cancer. We
found that eight of the 10 studies reported increased
prevalence of adverse neurobehavioral symptoms or
cancer in populations living at distances < 500 meters
from base stations. None of the studies reported exposure above accepted international guidelines, suggesting that current guidelines may be inadequate in protecting the health of human populations. We believe
that comprehensive epidemiological studies of longterm mobile phone base station exposure are urgently
required to more definitively understand its health
impact. Key words: base stations; electromagnetic field
(EMF); epidemiology; health effects; mobile phone;
radiofrequency (RF); electromagnetic radiation.

METHODS
By searching PubMed and using keywords such as base
station, mast, electromagnetic field (EMF), radiofrequency (RF), epidemiology, health effects, mobile
phone, and cell phone, and by searching the references of primary sources, we were able to find only 10
human population studies from seven countries that
examined the health effects of mobile phone base stations. Seven of the studies explored the association
between base station proximity and neurobehavioral
symptoms via population-based questionnaires; the
other three retrospectively explored the association
between base station proximity and cancer via medical
records. A meta-analysis based on this literature is not
possible due to differences in study design, statistical
measures/risk estimates, exposure categories, and endpoints/outcomes. The 10 studies are therefore summarized in chronological order (Table 1).

RESULTS AND DISCUSSION

I N T J O C C U P E N V I R O N H E A LT H 2 0 1 0 ; 1 6 : 2 6 3 – 2 6 7

INTRODUCTION
Mobile phone base stations are now found ubiquitously
in communities worldwide. They are frequently found
near or on shops, homes, schools, daycare centers, and
hospitals (Figure 1). The radiofrequency (RF) electromagnetic radiation from these base stations is regarded
as being low power; however, their output is continuous.1 This raises the question as to whether the health
of people residing or working in close proximity to base
stations is at any risk.
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We found epidemiological studies pertaining to the
health effects of mobile phone base station RF emissions to be quite consistent in pointing to a possible
adverse health impact. Eight of the 10 studies reported
increased prevalence of adverse neurobehavioral symptoms or cancer in populations living at distances < 500
meters from base stations. The studies by Navarro et
al.,2 Santini et al.,3 Gadzicka et al.,4 and Hutter et al.5
reported differences in the distance-dependent prevalence of symptoms such as headache, impaired concentration, and irritability, while Abdel-Rassoul et al.6
also found lower cognitive performance in individuals
living ≤ 10 meters from base stations compared with the
more distant control group. The studies by Eger et al.7
and Wolf and Wolf8 reported increased incidence of
cancer in persons living for several years < 400 meters
from base stations. By contrast, the large retrospective
study by Meyer et al.9 found no increased incidence of
cancer near base stations in Bavaria. Blettner et al.10
reported in Phase 1 of their study that more health
problems were found closer to base stations, but in
Phase 211 concluded that measured EMF emissions
were not related to adverse health effects (Table 1).
Each of the 10 studies reviewed by us had various
strengths and limitations as summarized in Table 1. Per-
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Figure 1—Mobile phone base stations ("antennae" or "masts") in Australia. Upper left: Community shop roof showing
plethora of flat panel antennae. Upper right: Hospital roof with flat panel antennae painted to blend in. Lower left:
Top of a street light pole. Lower center: Mast erected next to a daycare center. Lower right: Antennae mounted on
an office block top floor.

taining to those base station studies in which EMF measurements were not carried out,3,4,7,9 it should be noted
that distance is not the most suitable classifier for exposure to RF-EMF. Antennae numbers and configurations,
as well as the absorption and reflection of their fields by
houses, trees, or other geographic hindrances may
influence the exposure level. Further, self-estimation of
distance to nearest base station is not the best predictor
of exposure since the location of the closest base station
is not always known. Such exposure misclassification
inevitably biases any association towards null. Multiple
testing might also produce spurious results if not
adjusted for,3,5 as might failure to adjust for participant
age and gender.7 Latency is also an important consideration in the context of cancer incidence following or
during a putative environmental exposure. In this
regard, the study by Meyer et al.9 found no association
between mobile phone base station exposure and
cancer incidence, but had a relatively limited observation period of only two years. On the other hand, the
studies by Eger et al.7 and Wolf and Wolf8 found a significant association between mobile phone base station
exposure and increased cancer incidence, although the
approximate five-year latency between base station
exposure and cancer diagnosis appears to be unexpectedly short in both of these studies.
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Other problems in several population-based questionnaires are the potential for bias, especially selection8
and participation2,3,5,6,11 biases, and self-reporting of
outcomes in combination with the exposure assessment
methods used. For example, regarding limitations in
exposure assessment, in a large two-phase base station
study from Germany,12,13of the Phase 1 participants (n =
30,047), only 1326 (4.4%) participated with a single
“spot” EMF measurement recorded in the bedroom for
Phase 2. Further, health effect contributions from all
relevant EMF sources and other non-EMF environmental sources need to be taken into account.12 We acknowledge that participant concern instead of exposure
could be the triggering factor of adverse health effects,
however this “nocebo effect” does not appear to fully
explain the findings.4,5 Further, the biological relevance
of the overall adverse findings (Table 1) is supported by
the fact that some of the symptoms in these base-station
studies have also been reported among mobile phone
users, such as headaches, concentration difficulties, and
sleep disorders.13,14 Finally, none of the studies that
found adverse health effects of base stations reported
RF exposures above accepted international guidelines,
the implication being that if such findings continue to
be reproduced, current exposure standards are inadequate in protecting human populations.15

www.ijoeh.com • INT J OCCUP ENVIRON HEALTH

CONCLUSIONS
Despite variations in the design, size and quality of
these studies as summarized in Table 1, it is the consistency of the base-station epidemiological literature from several countries that we find striking. In
particular, the increased prevalence of adverse neurobehavioral symptoms or cancer in populations
living at distances < 500 meters from base stations
found in 80% of the available studies. It should be
pointed out that the overall findings of health problems associated with base stations might be based on
methodological weaknesses, especially since exposure to RF electromagnetic radiation was not always
measured.
There are some proposed mechanisms via which
low-intensity EMF might affect animal and human
health,16,17 but full comprehensive mechanisms still
remain to be determined.18,19 Despite this, the accumulating epidemiological literature pertaining to the
health effects of mobile phones13,20 and their base stations (Table 1) suggests that previous exposure standards based on the thermal effects of EMF should no
longer be regarded as tenable. In August 2007, an
international working group of scientists, researchers,
and public health policy professionals (the BioInitiative Working Group) released its report on EMF and
health.21 It raised evidence-based concerns about the
safety of existing public limits that regulate how much
EMF is allowable from power lines, cellular phones,
base stations, and many other sources of EMF exposure in daily life. The BioInitiative Report21 provided
detailed scientific information on health impacts
when people were exposed to electromagnetic radiation hundreds or even thousands of times below limits
currently established by the FCC and International
Commission for Non-Ionizing Radiation Protection in
Europe (ICNIRP). The authors reviewed more than
2000 scientific studies and reviews, and have concluded that: (1) the existing public safety limits are
inadequate to protect public health; and (2) from a
public health policy standpoint, new public safety
limits and limits on further deployment of risky technologies are warranted based on the total weight of
evidence.21 A precautionary limit of 1 mW/m2 (0.1
microW/cm2 or 0.614 V/m) was suggested in Section
17 of the BioInitiative Report to be adopted for outdoor, cumulative RF exposure.21 This limit is a cautious approximation based on the results of several
human RF-EMF studies in which no substantial
adverse effects on well being were found at low exposures akin to power densities of less than 0.5 – 1
mW/m2.2,5,22–26 RF-EMF exposure at distances > 500 m
from the types of mobile phone base stations reviewed
herein should fall below the precautionary limit of
0.614 V/m.
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Radiation Survey of Dielectric (RF)
Heaters in Canada*
M.A. Stuchly, M.H. Repacholi, D. Lecuyer and R. Manni
ABSTRACT

Surveys of dielectric radio-frequency heaters were conducted at various plants throughout
Canada in 1979. The heaters were used for plastic sealing and for gluing wood pieces. The
devices operated at frequencies between 4 and 51 MHz and their power output ranged from 0.5
to 90 kW.
The intensities of the electric and magnetic fields in the vicinity of 82 devices were
measured. A significant number of the devices exposed their operators to the fields having the
equivalent power density greater than 1 m W fcm 2 , and some greater than 10 m W fcm 2 •
INTRODUCTION
Dielectric heaters utilize radio-frequency (RF) energy for heat processing of dielectric
materials. The most common application is in sealing plastics. Other uses include drying glue to
join pieces of wood, curing particle boards and panels, baking sand cores, heating webs, fabrics
and paper [1]. These heaters operate at frequencies between 1 and 100 MHz, but most often at
the frequencies allocated for industrial, scientific and medical (ISM) uses, namely 13.56, 27.12
and 40.68 MHz. 27.12 MHz is the frequency most commonly utilized. The output power of the
heaters ranges from a few hundred watts to about 100 kW. The material processing is
accomplished between shaped parallel plate electrodes forming a capacitor. The shape of the
applicator electrodes, (also called dies), is usually compatible with the shape of the material to
be processed. Heating of a single load of material is achieved in a relatively short period of
time. For instance, 2-3 seconds are typical for a plastic sealing operation, and 1 minute for edge
gluing of wood.
The relatively high output power of dielectric heaters and use of unshielded electrodes in
many of them can produce relatively high stray RF fields around them. Surveys in the US
indicated that 60 percent of 82 devices measured exposed the operators to the electric field intensity greater than 200 V I m, and 29 percent to the magnetic field intensity greater than 0.5
A/m[2].

The evaluation of the dose rate of the absorbed radiation at the frequencies of operation of
dielectric heaters is very difficult for two reasons. Exposures take place in the reactive region of
the radiators, so the electric field and the magnetic field intensities are both of importance. The
dimensions of the human body are comparable with the wavelength, and therefore the average
specific absorption rate as well as the distribution of the absorbed power can only be determined from complex modeling and analysis. The energy deposition from exposure in the near
field of a radiator such as an RF heater has only recently been addressed [3].
In this paper the results of surveys of dielectric heaters, which were conducted in Canada in
1979 are reported. Data for 200 devices was complied and measurements were taken on 82 units
[4]. The instrumentation and survey technique are outlined and the measurement results are
summarized.
CHARACTERISTICS AND OPERATION
A typical RF heater consists of a cabinet housing the RF generator, power supply and
control circuitry, a press, an applicator (die) and a system to support and move the processed
material. The heater is fed manually or automatically.
*Manll'>(flpt receIved January 24, 19~O; In revised form March 21, 1980.
'Non-lontllng Radiation Scc(lon, RadIation Protection Bureau, Health and Welfare Canada. Ona'Wa, Ontario,
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The heaters surveyed can be divided into two groups according to the application.
(1) devices used to heat-seal plastic material, called RF sealers, and
(2) devices used to cure and dry glue, used for joining pieces of wood, called edge glue
dryers.
All edge glue dryers have an applicator consisting of a parallel plate capacitor with
rectangular plates of a relatively large surface area. Pieces of wood coated with glue are
assembled either inside the applicator, or outside on a tray and then transported to the
applicator. Some machines have a two tray assembly, one is under the heater while the other is
being assembled. Typically one or two people operate the device.
Plastic sealers display a greater variety of designs than the edge glue dryers. The
applicators usually have the capacitor plates specially shaped depending on the shape of the
material processed. On the basis of general appearance and the material feeding system, RF
sealers can be divided into the following types:
(1) sewing machine,
(2) shuttle tray,
(3) turntable,
(4) pressure sealed applicator.
The sewing machine sealer is always operated by one person. A number of operators for
the other types varies from one to six (for some turntable units). The pressure sealed applicator
unit has the active electrode completely enclosed in a metal shield.
Typical dielectric heaters are illustrated in Fig. 1 to 5 and the operation frequency and output power are shown in Table 1, and typical operation characteristics are summarized in Table
2. The duty cycle is defined as the ratio of the time period when the RF power is "on" to the

Figure I

Edge-glue dryers. The operators (usually two) stand in front of the device.
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Figure 2
device.
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RF plastic sealer - sewing machine type. The operator (single) sits at the

Figure 3 Turntable RF sealer. The operators (three in this case) sit around the
turntable.

duration of a typical operational cycle (i.e. the sum of the time period when the power is "on"
and "off"). The average duty cycle represents the mean value for the number of units reported.
The worst case duty cycle was obtained by taking the maximum "power on" duration and the
minimum "power off" duration. Only a few heaters operate under these conditions.
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Figure 4 RF sealer (included into
shuttle-tray type). The operators (two)
stand in front of the device.

Figure 5 Pressure sealed applicator type RF sealer, automative industry. The
operator(s) (max. two) stand in front of the device.
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Table 1
HEATER
TYPE

NO.
UNITS

Sewing
Machine

61/65

Shuttle
Tray

38/36

Turntable

21

Pressure Sealed
Applicator

22

Edge-Glue
Dryer

7

Frequency and po\\er of dielectric heater,

FREQUENCY (MHz)
4-10

11-20

I
(2.5%)

10
(45%)
5
(71%)

POWER (kW)

21-30

31-51

0.5-1

2-5

6-10

11-20

35
(57''70)

26
(43"70)

4
(6% )

36
(55 070 )

22
(34";0)

3
(5"10 )

34
(89.5%)

3
(8"70)

8
(22"70)

26
(72"70)

2
(6"70)

20
(95 070 )

1
(5"70)

3
(14"70)

16
(76"70)

2
(10 070 )

12
(55%)

10
(45%)

2
(29%)

Table 2

4
(57"70)

2
(29"70)

7
(32"70)
1
(14%)

Typical operation conditions of RF heaters

No.
Units

P
(kW)

F
(MHz)

POWERON (5)
Min
Mean
Max

Sewing
Machine

20

0.75-12

20-51

0.5

1.8

Shuttle
Tray

10

3-15

20-50

2

Turntable

5

3-6

27-49

Pressure
Sealed
Applicator

20

10-90

Edge Gluer

7

3-20

Heater
Type

5
(23 010)

21-100

POWER 01·'· (s)

DUTY CYCLE
WorstCase

Min

Mean

Max

Average

30

1

14.3

30

0.11

0.5

3.4

5

3

11.3

20

0.23

0.63

3

4.1

5

2

5.5

15

0.43

0.71

13-28

7

12.0

18

6

13.7

22

0.47

0.75

4-13

5

30

60

30

60

180

0.33

0.5

MEASUREMENT TECHNIQUE
To determine the exposure to the operator from an RF heater, it is necessary to measure
the intensity of both the electric (E) and the magnetic (H) fields. Since the personnel exposure
takes place in the near-field, both intensities have to be known to evaluate the power deposition
in the body of the operator. The well known relationship for the plane wave, EI H = 3770, does
not apply in the near-field. Whenever power density is used, it refers to the equivalent planewave power density, which represents what would be the power density of the equivalent planewave having the same electric or magnetic field intensity. An indication to which field intensity
the power density refers, is always given. The equivalent power density is calculated as
W (W 1m2)

= F(V Im)1

377,

where E is the electric field intensity (rms value), or
W (W 1m2)

= H2 (Aim) x 377

where H is the magnetic field intensity (rms value).
The following instruments were used during the surveys:
(1) E field survey meter, Narda, model 8616, probe model 8644,
dynamic range:
0.1 m WI cm 2 - 2 WI cm"
(2) H field survey meter, model 25540, probe model 8635,
dynamic range:
0.1 - 25 (Aim)"
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(3) H field survey meter, model 8616, probe model 8633
dynamic range:
0.1 mW / cm 2 - 100 mW /cm 2
All these instruments operate at frequencies from 10 MHz to 300 MHz, are calibrated with
an accuracy of ± O.S dB, and their probes have isotropic spatial response.
(4) Electric field sensor,
Instrument for Industry,
model EFI,
dynamic range:
I - 300 V / m
frequency:
10 kHz - 200 MHz,
calibration accuracy:
SOJo(the meter only)
spatial response:
unidirectional
This E field sensor has a probe consisting of one dipole and is therefore sensitive only to
the field component parallel to it. Measurements were taken by rotating the probe in mutually
perpendicular directions and the total field calculated from the three readings using the following equation
E

= .J E; +

E; + E~

where En E y , E, are the field intensities in the directions x, y, Z, respectively.
Measurements were performed in all plants during working hours and under normal
operating conditions. Field intensities were measured without the operator in the vicinity of the
test position and with the operator at the normal operating position. During all the
measurements the operator of the sewing machine type sealer had to remain about O.S m from
the device to operate the device.
To map the fields in the vicinity of the applicator without the operator (minimal perturbation to the measured field) a tape measure was used to determine the distance within ± O.S cm.
Measurements were taken only at the plane of the applicator.
The pro be was located IS cm from the operator towards the sealer to determine the
operator exposure. The operator remained in his normal closest position, so that the highest
possible exposure could be measured.
The measurement accuracy was a function of the following factors: the instrument calibration accuracy, the spatial response of the probe, the near-field error of the probe, and the
perturbation to the field by the meter, the surveyor and in most cases the operator. Overall
uncertainty in the measured equivalent power density was estimated at ± 3 dB.
RESULTS AND DISCUSSION
The fields in the vicinity of the applicator were mapped in the horizontal plane of the
applicator for the sewing machine type of devices. The operator was as far away from the
applicator as possible, at least O.S m. Figure 6 shows the average field intensities (expressed in
the equivalent power density) for 17 units. The equivalent power densities for both E and H
fields decrease with distance in a nearly linear fashion (note that the ordinate scale is
logarithmic). Similar dependence of the field intensities on distance from the applicator was
observed for individual sealers. For most sealers of this type, the equivalent power density of
the electric field was greater than that of the magnetic field at the same location close to the
applicator.
It is clear that, where exposures take place close to the applicator as in sewing machine type
sealers, an underestimate or overestimate of the actual exposure occurs, if only one field intensity (E or H) is monitored. If the E field equivalent power density is taken as a measure of
exposure one overestimates the actual exposure, and vice versa for the H field.
During the surveys the fields in the vicinity of the operator were measured for 33 sewing
machine type sealers, 16 shuttle tray, 4 turntable, 21 pressure sealed applicator and 7 edge glue
dryer devices. The field intensities in the vicinity of the operator were measured about IS em
from the operator toward the applicator. The operator was positioned in the normal operating
position closest to the device. Thus, the readings can be considered as the upper limits for
typical operating conditions. The results are summarized in Table 3; it should be noted that the
data is not corrected for the duty cycle. The highest intensities of the RF fields as well as the
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Figure 6 Mean values of the electric and magnetic field intensities expressed in units of the equivalent power density for 17
sewing machine RF sealers.

greatest number of devices having relatively high intensities were found for the sewing machine
type sealers. It is worth noting however, that the total RF power output of this sealer type is
relatively low. For most machines the output power was between 1 and 6 kW, with a few up to
10 kW. No correlation between the power output and measured field intensities could be
established. The stray fields, even very close (about 5 em) to the applicator for the pressure
sealed applicator devices were very small, generally below the sensitivity of the survey
instruments (i.e. 75 V 1m and 0.32 Aim).
Table 3

RF Heater
Type

Number
of Units

Sewing
Machine

33

Shuttle
Tray

16

Turntable

4

The operator exposure - summary

E field Exposure

H field Exposure

(mW/cm')

(mW/cm')

mean

min

28
(325 V 1m)

<0.1*

6.2

0.1*

5.2

1.9

max
124
(680 V 1m)

I

mean

min

10.9

<0.05*

(0.53A/m)

max

Body Part
max
exposed

74.4

chest

(1.4A/m)

18.6
(260 Vim)

4.7

11.8

5.1

1.0

15.0

waist

9

27.7

head

(0.85A/m)

Pressure
Sealed
Applicator

21

< 1.5*

< 1.5*

< 1.5*

<4*

<4*

<4*

N/A

Edge Glue
Dryer

7

< 0.1*

<0.1*

<0.1*

<0.1*

<0.05*

0.8

waist

* Since various meters were used during the surveys, the minimum field intensity which could be measured varied.
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Table 4 shows the number of devices for each type of RF heater, whose operators are
exposed to the electric or magnetic fields with equivalent power densities greater than 5
m WI cm 2 • For the sewing machine sealer 48070 had a maximum E field intensity (not corrected
for the duty cycle) above 200 V 1m and 24070 had a maximum H field intensity above 0.5 Aim.
Thirty-nine percent of the units exposed the operator to the E or H field having the equivalent
power density greater than 25 m WI cm 2 • Whenever the operator's hands are within 15 cm of the
applicator while the RF power is on they are exposed to fields greater than 25 mW Icm 2 for over
90070 of the units surveyed.

Table 4

Exposure to the operator exceeding 5 m WI cm (without correction for duty cycle)
Number of units

Total
Number
of Units

E

H

E

H

Over 25 mW Icm'
H
E

Sewing
Machine

33

3

6

5

5

II

3

Shuttle
Tray

16

6

I

I

3

0

I

4

0

0

I

I

0

0

Sealer
Type

Turntable

S-IOmW/cm'

11-25 mW/cm'

For the shuttle-tray type 6070 produced exposure in excess of that value. The maximum
field intensities for the shuttle tray devices were 265 V 1m (18.6 mW Icm 2 ) and 0.85 Aim (27.5
m WI cm 2 ) (for the same device). However, only 6070 of the devices had the E field exceeding 200
V I m and 25070 had H field exceed 0.5 AI m. The output power of this type of sealer is between 3
and 15 kW. The operators are exposed to lower field intensities, since they normally stand at
greater distance from the applicator.
To obtain more representative data for the dielectric heater exposure, the measurements
should be corrected for the duty cycle as shown in Table 5.
The average intensities of the fields (corrected for the duty cycle) for many devices
exceeded the equivalent power density of 1 m WI cm>, which was recently recommended as the
maximum level by the Canadian Federal Government [5], and even 10 mW/cm>, the limit
advised by the ANSI standard [6].

Table 5
Heater
Type

The operator exposure, corrected for the average duty cycle
Number
of Units

Above I mW/cm'

Above 10 mW Icm'

-

070

-

010

Sewing
Machine

33

19

58

13

39

Shuttle
Tray

16

10

63

I

6

4

2

50

0

0

21

0

0

0

0

7

0

0

0

0

81

31

38

14

17

Turntable
Pressure Sealed
Applicator
Edge-Glue Dryer
All
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RECOMMENDA nONS AND CONCLUSIONS
The survey of RF heaters in use in Canada has indicated that there is a large variety of
devices, and that some may pose a health hazard from exposure to high intensity RF fields.
While some types of the heaters do not expose the operators to RF fields greater than 1
m W / cm 2 or 10m W / cm 2 , for other (sewing machine) sealers, more than half and nearly 40070 of
the devices expose the operator to fields greater than 1 m W / cm 2 , and 10 m W / cm>, respectively.
The results of the survey indicate the presence of a potential health hazard needing solution. However, this survey data alone is insufficiently comprehensive for a conclusive analysis.
Since only a limited number of units in some categories (e.g. turntable type) were surveyed, and
for others only one parameter was measured (due to instrumentation problems), some of the
data gathered may not be fully representative.
On the basis of the survey results obtained, however, the following recommendations can
be made. Further surveys should be performed. A study to determine the effect of field perturbations due to the operator's presence should be conducted. A corrective and educational
program should be developed to limit exposure to the operator from RF leakage.
Reliable and accurate survey instrumentation is needed for monitoring the fields in the
vicinity of the devices to develop safe working practices.
Research effort should be directed toward the following areas: the rate of energy deposition in the human body exposed to the near-field radiation of an RF sealer to determine its
biological consequencies; the biological effects of exposure to RF fields, having relatively low
average power densities but high maximum power densities (e.g. sealers having a low duty
cycle) should receive much greater attention.
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Long-Term, Low-Level Microwave
Irradiation of Rats
C.-K. Chou, A.W. Guy, L.L. Kunz, R.B. Johnson, J.J. Crowley,
and J. H. Krupp
Bioelectromagnetics Research Laboratory, Center for Bioengineering (C.K. C.,
A. W.G., L. L. K., R. B.J.), and Department of Biostatistics (J.J. C.), University of
Washington, Seattle; USAF School of Aerospace Medicine, Aerospace Medical
Division, Brooks Air Force Base, Texas (J.H.K.)
Our goal was to investigate effects of long-term exposure to pulsed microwave radiation. The major emphasis was to expose a large sample of experimental animals throughout
their lifetimes and to monitor them for effects on general health and longevity.
An exposure facility was developed that enabled 200 rats to be maintained under specificpathogen-free (SPF) conditions while housed individually in circularly-polarized
waveguides. The exposure facility consisted of two rooms, each containing 50 active
waveguides and 50 waveguides for sham (control) exposures. The experimental rats were
exposed to 2,450-MHz pulsed microwaves at 800 pps with a 10-ps pulse width. The pulsed
microwaves were square-wave modulated at 8-Hz. Whole body calorimetry, thermographic
analysis, and power-meter analysis indicated that microwaves delivered at 0.144 W to
each exposure waveguide resulted in an average specific absorption rate (SAR) that ranged
from 0.4 W/kg for a 200-g rat to 0.15 W/kg for an 800-g rat.
Two hundred male, Sprague-Dawley rats were assigned in equal numbers to radiation-exposure and sham-exposure conditions. Exposure began at 8 weeks of age and continued daily, 21.5 h/day, for 25 months. Animals were bled at regular intervals and blood
samples were analyzed for serum chemistries, hematological values, protein electrophoretic
patterns, thyroxine, and plasma corticosterone levels. In addition to daily measures of
body mass, food and water consumption by all animals, O2consumption and C 0 2production were periodically measured in a sub-sample (N=18) of each group. Activity was
assessed in an open-field apparatus at regular intervals throughout the study. After I3
months, 10 rats from each group were euthanatized to test for immunological competence
and to permit whole-body analysis, as well as gross and histopathological examinations.
At the end of 25 months, the survivors ( 1 1 sham-exposed and 12 radiation-exposed rats)
were euthanatized for similar analyses. The other 157 animals were examined
histopathologically when they died spontaneously or were terminated in extrernis.
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Statistical analyses by parametric and non-parametric tests of 155 parameters were
negative overall for effects on general health, longevity, cause of death, or lesions associated with aging and benign neoplasia. Positive findings of effects on corticosterone level
and immune system at 13 months exposure were not confirmed in a follow-up study of
20 exposed and 20 control rats. Differences in 0, consumption and C0,production were
found in young rats. A statistically significant increase of primary malignancies in exposed rats vs. incidence in controls is a provocative finding, but the biological significance of this effect in the absence of truncated longevity is conjectural. The positive findings
need independent experimental evaluation. Overall, the results indicate that there were
no definitive biological effects in rats chronically exposed to R F radiation at 2,450 MHz.
01992 Wiley-Liss. Inc.

Key words: SAR, longevity, health, tumor incidence

INTRODUCTION
Advances in dosimetry, and a better understanding of energy absorption by
biological tissues, have eliminated many concerns regarding effects of radio-frequency electromagnetic radiation [Tyler, 1975; Elder and Cahill, 1984; NCRP, 1986;
Polk and Postow, 1986; Lin, 1989; Gandhi, 19901. Despite this lessening of concern for low-level, acute exposures, lack of data on long-term, low-level radiation
has fueled public and scientific concerns. In this context, officials of the United
States Air Force sought to support research in this area to provide data for use in
the development of environmental impact studies for present and planned Air Force
systems.
The goal of the project was to investigate effects on health of long-term exposure to low-level, pulsed microwave radiation. The approach was to expose a large
population of experimental animals to microwave radiation throughout most of their
lifetimes and to monitor them for effects on general health and longevity.
Although the initial impetus for the study was the question of environmental
impact of the Air Force PAVE PAWS system, early on it was decided not to study
a replica of the PAVE PAWS emissions, but to create a generalized level of radiation that would provide whole-body exposure based on the maximum of permissible absorption [ANSI C95.1- 1982, 1983; IEEE C95.1-1991,1992] at the resonant
frequency in human beings (0.4W/kg), as scaled to the proportions of the experimental animal of choice.
Following a period of pilot studies and training of technicians, exposures to
microwaves commenced on September I , 1980, and concluded September 27,1982.
The 100 experimental and 100 sham-exposed animals underwent the longest nearcontinuous exposure ever completed. The findings were reported in a series of 9
Air Force technical reports, which are available through the National Technical
Information Service (Springfield, Virginia). Interested readers should refer to the
technical reports for details [Guy et al., 1983a, b, 1985; Chou et al, 1983; Johnson
et al., 1983, 1984; Kunz et al., 1983, 1984, 19851.
METHODOLOGY
Experimental Design
Exposure criteria. Much of the past work on chronic exposure of large numbers
of text animals has been based on anechoic chambers, metal capacitor plates, or
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resonant cavities. With these methods, the energy coupled to each animal is a function
of the group size, group orientation, and the orientation of each animal within the
group, as well as of the presence and location of water and food dispensers. Because estimates of energy absorption are uncertain, quantitative extrapolation of
biological results from laboratory animals to human beings is virtually impossible.
In addition, the cost in time and resources of even simple experiments involving
chronic exposures of animal populations in large anechoic chambers is prohibitive.
For this study, we chose a system of cylindrical, wire-mesh waveguides to expose
a large number of animals to a common source while independently maintaining
relatively constant and quantifiable coupling of electromagnetic energy to each animal
regardless of position, posture, or movement [Guy and Chou, 1977; Guy et al., 19791.
The system, which consists of a number of independent waveguides, allows individual animals to be continuously exposed under normal laboratory conditions while
living unrestrained and with continuous access to food and water.
A frequency of 2450 MHz was selected so each rat would have approximately
the same size-to-wavelength ratio as a human being exposed at 450 MHz, the frequency near which PAVE PAWS operates. The initial consideration was to produce
the same average SAR in test animals as predicted for man exposed to a l-mW/
cm2 , 450-MHz RF field. To simulate radar exposure, pulse modulation was used
(10 ps pulse, 800 pps). In addition to the pulse modulation, we decided to squarewave modulate the microwaves. The inclusion of square-wave modulation was
prompted by the evidence of altered movement of Ca++ions in chicken and cat brains
exposed to ELF-modulated RF fields [Adey, 198 11. Because the demonstrated effects
are most pronounced when the modulation frequencies correspond to the dominant
EEG frequency, we selected a modulation frequency of 8 Hz because it is at the
peak of the rat’s hippocampal theta rhythm [Coenen, 19751.
Rationale of biological assessment. Not only were reported biological effects from low-level microwaves selected as end points (e.g., alterations of hematopoietic, immunologic, and specific blood chemistry indices), but assays for effects
on general health, metabolism, and life span were also included (references listed
in later sections). In addition, end points were considered that could be assessed
without seriously compromising the health of the animal, the value of concurrent
measurements, or the power of the statistical evaluations on the chosen end points.
Only male rats were used to minimize statistical variation, i.e., to avoid the hormonal variations characteristic of female rats. Use of female rats would have required a substantial increase in the number of animals. A total of 155 parameters
was studied. The end points selected are shown in Table 1. Due to space limitations,
details of rationale and methods of biological assessments cannot be provided here.
The original NTIS reports should be consulted.
Statistical considerations. For any failure-time end point, such as time to death,
time to cancer diagnosis, or time to some specified change in animal mass or blood
chemistry, an initial sample size of 100 in each group was calculated to be sufficient for detection, at the .05 significance level, of a 50% increase (or 33% reduction) in instantaneous failure rate with a probability (power) of 90%.For any normally
distributed end point (including transformations on failure-time variables), a sample
size of 100 per group permits the detection, at the .05 level of significance, of a
difference between groups of 40% of one standard deviation, with a power of 90%.
Adjustment for a differential effect due to the altered experimental procedure for
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TABLE 1. Endpoints Selected to Study the Effects of Long-Term, Low-Level RF Exposure on
Rats
~~

Category
Behavior
Corticosterone
Immunology
Hematology
Blood chemistry

Protein
electrophoresis
Thyroxine
Urinalysis
Metabolism
Total body
analysis

Organ mass
Histopathology
Longevity
Total

~

~

~

~

~~

~~

Parameters
Open field behavior (activity, quadrant change, urination, defecation)
Serum corticosterone
Mitogen stimulation (PHA,LPS,ConA,PWM,PPD), B-cell, T-cell,
%CRPC, total CRPC, plaque
WBC, RBC, HCT, Hgb, MCV, MCH, MCHC, neutrophils,
lymphocytes, eosinophil, monocytes
Glucose, BUN, creatinine, Na, K, CI, CO,, uric acid, total bilirubin,
direct bilirubin, Ca, phosphorus, alkaline phosphatase, LDH, SGOT,
SGPT, cholesterol, triglycerides, total protein, albumin, globulin
Albumin fraction, alpha-l and 2 fractions, beta fraction, gamma
fraction
Thyroxine
Urine observation
Body mass, food consumption, water consumption, 0, consumption,
CO, production, respiratory quotient, metabolism quotient
Body mass, moisture, protein nitrogen, crude fat, nonprotein nitrogen,
total ash, mineral contents (aluminum, antimony, arsenic, barium,
beryllium, bismuth, boron, cadmium, calcium, chromium, cobalt,
copper, iron, lead, magnesium, manganese, molybdenum, nickel,
phosphate, potassium, selenium, silver, sodium, strontium, tin,
titanium, vanadium), fatty acids (palmitic, palmitoleic, stearic,
oleic, linoleic, linolenic)
Heart, brain, liver, kidneys, testicles, adrenals
All tissues and organs
Survival days

No.
4
1

10
11

21

4
1
I
7

39
9
46
I
155

the subset of 36 rats subjected to metabolic rate measurements had very little effect on the power calculations made, nor did adjustment for an interim euthanasia
of 20 animals.
Differences between the two groups on single measurements were assessed
by Student’s t tests, in some cases after transformation to improve the normality
of the data. Reported P values must be considered in the light of the multiple end
points analyzed. Logical groupings of variables were compared across groups of
the multivariate Hotelling’s T? statistic.
Differences in tumor prevalence or incidence were assessed with time-adjusted
analyses. The occurrence of neoplastic and non-neoplastic lesions was recorded along
with the age of the animal and whether the animal had died spontaneously or was
euthanatized. Survival curves of the exposed and sham-exposed animals were estimated by product-limit estimates [Kaplan and Meier, 19581 and compared by the
log-rank statistic [Mantel, 19661. The histopathological data were grouped with respect
to age, at 6-month intervals, and the data were divided into neoplastic and nonneoplastic diagnoses. The incidence of neoplastic or non-neoplastic lesions was given
as the proportion of the number of animals bearing such lesions at a specific anatomic site (numerator) to the number of animals examined pathologically (denominator). For tissues that required gross observation for detection of lesions (i.e., skin
or subcutaneous tumors), for lesions that appeared at several sites (i.e., multiple
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lymphomas), or for tissues that were examined histologically only when lesions were
detected grossly, the denominator consisted of the number of animals necropsied
in that experimental group.
The analysis of the lesions involved a 4-way table with factors of age at death,
treatment condition, mode of death (terminated or spontaneous), and organ. The
tables were then collapsed with respect to individual organs. From these tables, the
Mantel-Haenszel estimate of the odds ratio was computed, and the chi-square statistic was used to test whether the odds ratio was significantly different from unity
[Mantel and Haenszel, 19591. This statistic reflects the difference in prevalence of
lesions, over time, between the exposed and sham-exposed animals, and is appropriate if the lesions are “incidental” (do not affect the animal’s survival). The time
to a malignant lesion was also analyzed with survival-analysis techniques, as would
be appropriate if lesions were fatal. If an animal had malignant lesions, its timeto-tumor was taken as its survival time. If there were no malignant lesions present,
the time-to-tumor was considered censored (i.e., the time to appearance of a tumor
is assumed to be longer than the time to death). The log-rank statistic was used to
compare the times to tumor of the exposed animals with those of the sham-exposed
animals [McKnight and Crowley, 19841.
Final protocol. During the first year of the study, the rats were bled from the
orbital artery every 6 weeks, with the first bleeding during the 7th week of exposure. In addition to the hematological and serum-chemistry evaluation of blood
collected during the first bleeding, corticosterone levels were determined in all samples
having adequate amounts of serum. In subsequent bleedings, corticosterone and
thyroxine levels were determined only quarterly, whereas the hematology and serum chemistry were evaluated for each sample (every 6 weeks). This frequency of
bleeding was considered sufficient to detect the onset of most degenerative or disease
states that would occur during the lives of the individual rats without unduly stressing
the animals. Every 3 months a urinalysis was done on all rats, the first during the
fourth week of exposure. This frequency of biochemical evaluations increased the
opportunity to detect subclinical abnormalities and to follow their pathophysiological
course. Open-field assessment was conducted every 6 weeks.
During the second year of the study, the frequency of bleeding was reduced
to 12-week intervals, and the corticosterone analysis was eliminated except just prior
to euthanasia of remaining animals at the end of the 2 years; urinalysis was done
every 2 weeks, and open-field analysis was conducted quarterly.

Facilities

Animal facility. To maintain the colony of rats used in this study in the healthiest
possible state, free of chronic disease and other problems common to rats, two specificpathogen-free (SPF) rooms in the Division of Animal Medicine were acquired (Fig.
1 ) . Access to the clean hall is via a shower room, through which all personnel must
pass to shower and don autoclaved garments. A walk-in autoclave connected the
cage-washing facility with the clean hallway so that, once washed, all materials
entering the clean hall must have passed through autoclaving before being returned
to the animal rooms. All soiled cages and waste collectors left the clean rooms via
the dirty hallway and were then taken to the cage-washing facility.
Each alcove housed 20 waveguides mounted on four horizontal shelves, five
waveguides per shelf. The exposure and sham-exposure waveguides were randomly
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ex-

p u r e - c e l l identitication system.

arranged, except that only sham-exposure waveguides could be in the center position because of a sliding-glass-door operation. One of the alcoves in each room was
equipped as a metabolism alcove, in which 0,consumption and CO, production were
measured. The sixth alcove in each room was partitioned off as procedures area
that was used for bleeding and as housing for the main data-collection computer
and miscellaneous supplies.
In the SPF rooms the airflow rate was programmed for 22 exchanges each hour,
to maintain positive-pressure flow. Over the course of the project, ambient temperatures were balanced between the workspaces and alcoves to maintain a fairly constant 21kl"C environment in the facility. Humidity was in the range of 30-70%.
Sound-pressure measurements indicated an average level in the central workspace
of approximately 60 dBA (relative to 20 ,uN/cm') and alcove levels that were 6 to
10 dBA lower, depending on position within the alcove. Light-intensity measurcments during the light cycle (0700-1900) indicated a 13-lux average workspace level
and 6-lux average alcove level.
Microwave exposure system. As shown in Figure 2, when an animal housed
in a plastic cage was exposed in the circular waveguide to microwaves fed into the
terminal (PJ, some energy (PA) was absorbed by the animal, some (P,) was absorbed by the walls of the chamber, some was reflected in the form of both righthand (P,,) and left-hand (PRL)circularly polarized waves that couple back to the
probes on the feed section of the waveguide, and some (P,,and PTJ were absorbed
at the termination terminals. The reflected component P,, was measured as CP,,
at the reflecting arm of the bidirectional coupler, which was placed between the
source and the input probe (C is the coupling coefficient of the bidirectional coupler). The reflected component p,, was measured directly at the other terminal of
the transmitting transducer. The power level of the incident energy launching the
right-hand circularly polarized waves was measured (as CP,,) at the incident-wave
terminal of the coupler. The power level of energy transmitted beyond the animal
was measured at the terminals (PTAand PT,) of the termination transducer. The sum

a
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WATER
a O T T L E 4

PTA
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pW
J

Fig. 2. The exposure chamber was a circularly polarized waveguide operating at 2,450 MHz. A rat,
housed inside a plastic cage, was exposed in the 20.3-cm diameter wire-mesh tube. A circular polarizer,
at the left end, converted the linearly-polarized TE, , mode to the circularly-polarized TE,, mode. Tuning
stubs inside the polarizer matched the impedance of the propagating modes. Transmitted microwaves
were terminated in thc transducer at the right side of the tube.

of power levels of energy absorbed by the animal and the chamber walls can be
obtained from the equation in Figure 2.
The water bottle in each waveguide was electrically decoupled from the animal by two concentric 1/4-wavelength choke sections so that the tip of the water
nozzle had an extremely high impedance, virtually preventing conduction currents
between it and any contacting object. The theory of the waveguide operation has
been described elsewhere [Guy et al., 19791.
Microwave generation and distribution. Each exposure room was equipped
with two 2,450-MHz pulsed microwave sources (Epsco, model PGSKB, Trenton,
NJ), each source capable of providing an average output power of 20 W and a peak
power of 5 kW. These generators were controlled by a microprocessor to deliver
repetitive pulse trains as shown in Figure 3 .

kl250ps

4

50 Pulses

r.5
dl
I25ms
ms

Fig. 3. Modulation characteristics of the microwave pulses: 8 groups per second, 50 10-ps-wide pulses
per group, with a repetition rate of 800 pps. The period was 125 ms; with pulse onsets separated by
1.25-ms intervals. This is the equivalent of an 800-pps source square-wave modulated at 8 Hz.
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MICROWAVE CIRCUITRY f o r LOW DUTY CYCLE HIGH PEAK POWER
CHRONIC EXPOSURE SYSTEM w i t h TYPICAL OPERATING POWER LEVELS
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Fig. 4. Schematic of the microwave-distribution system in room T-131. The microwave energy was
divided by means of low-loss coaxial cable via a 3-way splitter. Then the microwaves were fed through
a single-pole double-throw (SPDT) coaxial relay to a 2-way splitter. Microwaves from each arm of
the 2-way splitter were fed to a 5-way splitter; thus, the power-level of microwave radiation was again
equally divided and transmitted through isolators to the two groups of five active exposure waveguides
in each alcovc. The distribution system of the second gcnerator in each room was similar except that
the microwaves were initially split in two ways to energize two alcoves. Power levels of forward and
reflected energy at each generator output terminal was measured and recorded through a directional
coupler and digital power meters interfaced with a microprocessor.

The microwaves from one generator in each equipment rack were transmitted to three alcoves (Fig. 4). The power levels of input, reflected, and transmitted
energy associated with one exposure waveguide per room were monitored to obtain a recording of the average absorption loss of the waveguide-rat assembly; the
average SAR could be calculated from the known waveguide loss and the mass of
the rat. Each room contained a total of nine power meters, two each for the incident and reflected energy at each generator and five for the incident, reflected, and
transmitted energy at the multiple terminals of the respective waveguides. The average
SAR in the experimental animal was determined from the power meters. Throughout the chronic study, the monitoring system was connected each day to a different exposure waveguide so that every waveguide was monitored 1 day every 50
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days over the course of the experiment. There was insignificant down time due to
microwave power failure. Spare generators were available for this rare occurrence.
Dosimetry

Dosimetry studies conducted in preparation for this experiment were directed
toward determining the power level for each waveguide that would best simulate
with rats the exposure of man to an RF field. To determine the conditions necessary for simulating such exposure, the relation between the input power and the
average and distributed SAR in the body of an exposed rat living in the exposure
waveguide had to be quantified.
A microprocessor-controlled, twin-well calorimetry system was developed to
measure the average SAR in rat carcasses. The average SARs for live exposed rats
over the first year of exposure are shown in Figure 5. The results show that the SARs
calculated from the data on the live animals are very close to but slightly less than
the values calculated from measurements on rat carcasses. The results of this study
have been published by Chou et al. [1984]
To best simulate the exposure of human beings, from child to adult, to radiation
at the maximal levels allowed by ANSI C95.1-1982 [1982], the input power level for
each alcove cluster was set so that the average input power was 0.144 W, which resulted in an initial average SAR of 0.4 W k g in young rats of 200-g body mass.

Predicted

-Apparent SAR
___ Actual SAR

___ _-__

Experimental

Apparent SAR
Actual SAR

2450-MHt Circular Waveguide

0.2 0.1 7

100

200

300

400

500

600

700

MASS (9)

Fig. 5 . Average SAR values measured for rat carcasses (Predicted) compared with average SAR values measured for free-roaming exposed rats (Experimental); SARs were averaged over weekly periods during first-year chronic exposure (input power 0.144 W to the waveguide). The predicted actual
SAR was measured calorimetrically on rat carcasses of various body masses; bodies were exposed in
five orientations in the waveguide: center, far corner, side, transverse, and diagonal positions. Predicted apparent SAR was measured by power meters on rat carcasses. Experimental apparent SAR was
measured by power meters in live rats. Assuming that a live rat would spend equal time in each of the
five orientations, the experimental actual SAR data were calculated from the apparent SAR and correction factors. The correction factors were thc ratios between actual SAR and apparent SAR measured on rat carcasses.
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Experimental Animals and Exposure Regimen
Two hundred male, Cesarean-derived, barrier-reared, Sprague-Dawley rats were
obtained at 3 weeks of age from Camm Laboratory (Wayne, New Jersey): the rats
were randomly assigned to exposure and control groups. Exposure began at 8 weeks
of age, 2 1.S hlday, 7 days a week, for 25 months. Maintenance procedures were
done between 8 A.M. and 12 A.M. to minimize circadian-rhythm effects. The two
and one-half hours off-time was used for cage cleaning, measurements of body mass,
food and water consumption, blood letting, and other biological procedures.

Biological Assessment

Behavior testing. Behavior is a valuable end point for assessing neurological
effects of exposure to microwaves [Lovely et al., 1977; cf. Shandala et al., 19791.
Constraints of both design and logistics, however, made selection of appropriate
tests for this project a difficult task. Tests should not jeopardize the health of the
animals or the reliability of data obtained from other measures. A test protocol
must not entail differential treatment of an animal based on its performance (e.g.,
shock intensity or reward magnitude) and thereby produce secondary effects as
artifacts that must be distinguished from any primary (microwave) effect. In
addition, all testing must be performed within the SPF environment and in such
a manner so as not to interfere with the normal daily maintenance procedures or
exposure protocols.
The risk of physical harm to the animals eliminated many standard behavioral
tests, so we chose a simple behavioral test based on quantification of a naturallyoccurring behavior. Open-field or exploratory behavior has long been used as a
sensitive endpoint in pharmacology and teratology, and it is accepted as a measure
of general arousal or anxiety [Walsh and Cummins, 19761. In addition, East European researchers have used the open-field test extensively in biological studies of
microwaves [Shandala et al., 19791.
The open-field test is not the most impressive of the behavioral tests considered; however i t is simple in nature and does not rely on elaborate or time-consuming
training procedures or shock-motivated performance, and it can be routinely administered by laboratory personnel under the rigid SPF protocol.
An open-field apparatus with infrared-light-emitting sensors was used. This
apparatus provided a readout of both motion activity and the coordinates in the field.
The latter information was used to indicate an animal’s field position in one of the
possible quadrants. In addition, at the end of each test session the apparatus was
inspected for urination and defecation.
Evaluation of the immune system. Alterations in the immune system due to
microwave exposure have been reported and disputed in the literature [cf., e.g., Mayers
and Habeshaw, 1973; Czerski et al., 1974; Huang et al., 1977; and Wiktor-Jedrzejczak
et al., 19771. The conflicting results justified an assay of immunocompetence in
this study. The immune-system evaluation consisted of several basic tests that were
designed to detect immunological effects that might result from exposure to RF fields:
a. Blood lymphocyte evaluation of the numbers of B- and T-cell, antigenpositive lymphocytes, and complement-receptor-bearing lymphocytes.
b. Spleen lymphocyte evaluation for response to the following mitogens:
phytohemagglutinin (PHA), concanavalin A (ConA), pokeweed mitogen (PWM),
lipopolysaccharide (LPS), and purified protein derivative of tuberculin (PPD).
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c. Direct plaque-forming cell assay (with spleen cells) and serum-antibody
titration of exposed rats immunized with the T-dependent antigen sheep red-blood
cells (SRBC).
The following immunological tests were performed at the 13-month interim
euthanasia of 10 animals from each treatment group, and after 25 months of exposure with the final euthanasia of 10 animals from each group; response of splenic
lymphocytes to various mitogens, plaque-forming ability, complement-receptor
formation, and enumeration of B- and T-cells.
Blood sampling for corticosterone and health profile. Pituitary-adrenal axis
activity as indexed by plasma corticosterone levels has long been interpreted as an
indicator of general arousal, i.e., alerting borne of anxiety, fear, or stress. If long-term
exposure to pulsed RF fields disrupts normal physiological functions or is psychologically disturbing to the animal, an increased basal level of corticosterone can be
expected [Lotz and Michaelson, 19781. The endocrine system can provide evidence
of summation of multiple, otherwise subthreshold, effects. Individual corticosterone
data are of value for correlation with results from individual animals or subpopulations that might exhibit abnormal indices of blood chemistry or a high incidence of
tumors, and also as a measure of a possible nonspecific microwave effect.
The research protocol required the rapid collection of blood from all test animals
in a 2-h period per day over 4 days for each blood sampling. The collection procedure was designed to be as rapid and atraumatic as possible. To prevent artifactual elevation of corticosterone, blood samples for serum corticosterone were drawn
within 2 min after a rat was removed from its cage [Zimmermann and Crutchlow,
1967; Davidson et al., 19681. The animals were rapidly anesthetized by a mixture
of halothane, nitrous oxide, and oxygen; blood samples were drawn by the relatively atraumatic retro-orbital technique. Alternate eyes were sampled for blood in
successive samplings so as to minimize ocular damage. A single blood sample, 1.8
to 2.0 ml, was taken at each session for all determinations.
Metabolism. An important consideration in performing the long-term exposure
of rats is that the nominal 0.4-W/kg average SAR, initially is about 5% of the average
metabolic rate of an active, young 200-g rat and about 10% of its resting rate. This
SAR may be as high as 15% of the average metabolic rate of a lethargic, old, 600-g
rat and 25% of its resting rate. The decision was, therefore, made to use a constant
power density, which resulted in a declining SAR as the animals matured.
Exposure to microwave radiation for long periods could have different
consequences for longevity, either life-shortening or life-lengthening, depending
on the energy-budgeting option [Sacher and Duffy, 19781. Therefore, given the
importance of the metabolic versus extrinsic-budget question, the protocol provided
the following animal measurements:
a. Daily-lifetime body mass measures, i.e., growth.
b. Daily-lifetime food and water consumption.
c. 24-h cycles of oxygen consumption and carbon dioxide production,
measured at regular intervals throughout the life span.
d. Periodic assessment of thyroxine level.
e. Periodic assessment of urine production.
f. Total-body analysis at spontaneous death or termination.
Despite the importance of direct metabolic measurements through respiratory
gas-exchange analysis, two factors precluded their application to all 200 animals:
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( 1 ) physical as well as financial constraints made it impossible to instrument all
200 waveguides, and (2) rotating all animals through a few instrumented waveguides
would have an associated animal-transfer-management risk and a subsequent loss
of data. In addition, were such a mass rotation attempted, the need to allow each
animal a minimum of 2 days in the instrumented waveguide to adapt to the new
environment would have led to a rotation schedule allowing data to be obtained,
at most, twice a year from an animal, which would have been too infrequent. Therefore, we selected a subset of the exposed and control samples for rotation through
waveguides adapted for the measurement of oxygen consumption and carbon dioxide production. This procedure did not result in loss of overall statistical power,
and it produced more frequent measures on the specific animals involved. Given
the modular arrangement of the rooms, 36 animals (1 8 exposed and 18 sham-exposed) were measured for respiratory gas exchange.
Histopathology. As part of a general health screen at time of animal procurement, 10 rats, 21 days old, received gross and histopathological examination. After
13 months, 10 exposed and 10 sham-exposed rats were randomly-selected and euthanatized for examination; at 25 months, the surviving 12 exposed rats and 1 1 shamexposed rats were euthanatized and examined. The other 157 animals were examined
when they died spontaneously or were terminated in extremis during the study.
A pathologist (L.L.K.), without knowing the identity of the rats, provided
evaluative data to the technical personnel of the Bioelectromagnetics Research Laboratory, who were responsible for computer entry and quality control. Statisticians
then evaluated the data, and the final results were reviewed by the pathologist for
appropriate interpretative comments.
The occurrence of neoplastic and non-neoplastic lesions was recorded along with
the age and the cause of death of each animal, whether the animal was euthanatized
or had died spontaneously. The data on pathology were collected to permit comparison of survival curves of exposed and sham-exposed animals, age-associated lesions,
and incidence of tumor metastases, as well as the number of lesions per rat.

RESULTS
Behavioral Evaluations
Figure 6 shows data from the 14 sessions of open-field assessment; except for
the first test session, 2 years of exposure to the low-level, pulsed-microwave radiation did not lead to significant behavior alterations as measured by activity,
defecation, or urination. During the first test session, the general activity level of
the exposed animals was significantly lower (L=-2.24, p = .026, df = 195), by
approximately 9%, than that of the sham-exposed animals. The open-field activity
pattern during the course of this study resembles that normally observed as a function
of age and experience, and it apparently was not affected by a lifetime of exposure
to the low-level pulsed microwaves (Hotelling’s T2statistic F = 8.73, P = .40,df =
8,168).

Plasma Corticosterone
Analysis of the data obtained during the five sampling periods (Fig. 7) indicates that serum corticosterone levels were not dramatically altered in either the

Long-Term Low-Level RF Exposure

3 300
v)

+I

250

I

3

8 200

g

150

c

22 100
U

w
50

I

1
1

481

I
Exposed
0 Sham Exposed

2

3

4

5 6 7 8 9 1011 1 2 1 3 1 4
OPEN-FIELD SESSION

Fig. 6. Comparison by treatment group of mean levels of activity throughout the 14 open-field assessment sessions.

exposed or sham-exposed rats. The multivariate statistical analyses of the data (F
= 1.38, P = .24, df = 5,133) indicate that no overall effects of microwave radiation
were measurable by levels of serum corticosterone.
When the serum corticosterone values of exposed and sham-exposed animals
were compared for each session, a t test indicated that exposed animals had relatively elevated serum corticosterone levels at the time of the first sampling session
(1= 2.06,P = .04, df = 154), and that sham-exposed animals had elevated levels at
the time of the third session (t=-2.25, p = .026, df = 161). Exposed and sham-exposed
animals had comparable levels of corticosterone on all other regular sampling sessions.
The finding of elevated corticosterone was tested in a follow-up study [Chou
et al., 19861. Two groups of 20 animals each were exposed for 6 and 12 months,
respectively, under the same exposure parameters as in the original study. An equal
I

w+I

FRST-YEAR SAMPLE PERlOD

Fig. 7. Comparison of mean corticosterone levels from five quarterly determinations during the first
year of the project.
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number of sham-exposed rats served as controls. Corticosterone measured at 6 weeks,
6 months and 12 months did not show any statistically significant differences (_P>
.05) between 20 control and 20 exposed rats.

Immunological Competence
When compared with sham-exposed rats after 13 months of exposure (Fig.
8), exposed animals had a significant increase in both splenic B-cells (t = 3.76, P
= .002, df = 16) and T-cells (t=3.48, P = .003, df = 16). This apparent general

stimulation of the lymphoid system in exposed animals was not detected in the animals
after 25 months of exposure: Comparison of exposed and sham-exposed rats at
euthanasia of survivors did not reveal any significant differences in the percentage or total numbers of B and T cells per spleen.
No significant differences were seen between exposed and sham-exposed rats
in the percentage of complement-receptor-positive cells in the spleen at either the
interim or final euthanasia. These findings indicate no difference between the treatment
groups for lymphocyte maturation.
The plaque assay performed on exposed animals immunized with SRBC in
the 13-month exposure rats exhibited a slight but statistically insignificant increase
in plaques per spleen relative to the sham-exposed. This difference reversed after
25 months when exposed animals showed a slightly lower and statistically insignificant number of plaques per spleen. This assay indicated no statistically significant
alteration of the reticuloendothelial system, which first processes antibodies in the
presence of T-cells, because the SRBC antigen is T-cell dependent.
The mitogen-stimulation studies following 13 months of exposure revealed
significant differences between groups in their responses to various B- and T-cell
specific mitogens. The radiated animals had a nonsignificant increase in response
to PHA but a significant increase in response to LPS (mean of 6.06 vs. 3.67, f =
2.35, P=.032) and PWM (mean of 6.41 vs. 4.61, t= 2.43, p= .027). As compared
with sham-exposed animals, exposed animals also had a significantly increased
response to ConA (mean of 17.0 vs. 10.7, t = 2.65, _P = ,018) and a decreased response to PPD (mean of 2.74 vs. 6.98, t= -2.65, p=.018). These results indicate
a selective effect of exposure on the lymphoreticular system's response to mitoge-
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nic stimulation. Mitogen-response data were not available from the 25-month exposure studies because the lymphocyte cultures failed to grow.
In a follow-up study [Chou et al., 19861, no significant differences between
20 exposed and 20 sham-exposed rats were observed in the proliferation of thymocytes to ConA, PHA, and PWM after 6- and 12-months of RF exposure. The
same lack of differences was found for splenocytes stimulated by LPS, PHA, PPD,
ConA, and PWM. Flow cytometry revealed no group alterations in the number
and frequency of B- and T-cells. However, after 12 months of exposure, a reduction in cell surface expression of Thy 1.1 (T-cell related) surface antigen, and a
reduction in the mean cell-surface density of s-Ig (B-cell related) on small lymphocytes in spleen were observed. The stimulatory effect observed in the original study was not confirmed.

General Health Profile
In an attempt to detect and document any effects on the general health of the
exposed animals, the following biochemical and hematological parameters were
monitored: serum chemistry components, hematological constituents, protein electrophoretic patterns and fractions, and thyroxine levels. Multivariate analyses with
Hotelling's T2 statistic on a truncated data set (outliers removed) indicated no overall
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Fig. 9. Comparison of serum glucose for exposed and sham-exposed animals for IS sampling sessions.
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Fig. 10. Comparison of serum cholesterol levels of exposed and sham-exposed animals from 15 sampling sessions.
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differences among all parameters between exposed and sham-exposed samples.
Figures 9 and 10 present two representative examples of glucose and cholesterol
levels from 36 sets of data. Individual f tests of all parameters across all 15 sampling sessions indicated a significant reduction in the absolute eosinophil counts
of exposed rats during session 2, and marginally significant reductions in absolute
neutrophil count during sessions 2 and 3. None of the other comparisons was significant. Therefore, these findings indicate that after the 25-month exposure no
consistent effects were produced in bone-marrow erythropoietic cells or in the
juxtaglomerular apparatus of the kidney and its production of erythropoietins.
Twenty-one serum chemical constituents were measured in serum samples
collected during all 15 sampling sessions. The serum-chemistry tests were sensitive enough to detect population changes due to aging. Statistical analysis of the
data by Student’s t tests did not indicate any differences between exposed and shamexposed animals.
Electrophoresis of the serum proteins revealed no significant changes in the
electrophoretic patterns and absolute protein fractions between the population groups.
Both groups showed a gradual decrease in the albumin/globulin ratio with increasing
age, and the overall level of globulin fractions observed in these barrier-sustained
animals was lower than that reported in conventional-colony animals. The microwave exposure had no apparent effect on the functioning of various organ systems
that contributed to serum-protein concentrations.
Thyroxine levels did not differ significantly between exposed and sham-exposed animals (Fig. 11). Thus, exposure had no effect on the hypothalamic-pituitary-thyroid feedback mechanism. The absolute level of serum thyroxine developed
to a maximum in young animals and decreased gradually as they aged. The correlation of this age-related decrease in thyroxine levels with increasing cholesterol
(Fig. 10) and triglyceride levels in both test and sham groups shows it to be a reliable indicator of metabolic activity in the rat.
The major conclusion that can be reached from the evaluations of hematology, serum chemistry, protein electrophoretic patterns and fractions, and thyroxine levels is that any significant variations of the parameters observed during the
lifetime of the exposed animals were to be expected as a function of aging.
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Metabolism
Body mass and consumption of food and water. Growth curves for microwave-exposed and sham-exposed animals throughout this study (Fig. 12) are in general
agreement with those reported for the Sprague-Dawley rat [Berg, 1960; Masoro,
19801. The asymptotic body mass was somewhat lower than expected, possibly
because of a periodic “stunting” effect coincident with the start of the regular bloodsampling sessions.
The average daily food intake of approximately 25 to 26 g is higher than that
usually reported for the rat [Brobeck, 1948; Hamilton, 1967; Jakubczak, 19761 and
indicated by the feed manufacturer (12 to 15 g/day). These food-intake norms,
however, are for animals housed in a standard animal facility maintained at a higher
ambient temperature (25 “C).The amount of food eaten by the animals in our facility, which was maintained at 21 & 1 “C, is in agreement with that reported for
animals housed at lower ambient temperatures [Brobeck, 1948; Hamilton, 1967;
Jakubczak, 19761and in other studies in our laboratory that had used the waveguide
apparatus [Lovely et al., 19771. Throughout the 25 months, no overall differences
were observed between treatment groups in either food or water consumption.
The similarity in overall patterns of growth, food and water consumption, and
body-mass loss and recovery in exposed and sham-exposed samples indicates that
no effects of microwave irradiation were apparent in these measures of long-term
energy balance.
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Total body analysis. With one exception, the combined analyses of organ mass,
general carcass composition, fatty-acid profile, and mineral content provided no
evidence that metabolic processes were adversely affected in the animals exposed
for I 3 or 25 months to microwave radiation. A highly significant elevation of adrenal
mass was indicated by the 75% increase observed for exposed rats as compared with
sham-exposed animals. However, when the animals with benign tumors in the adrenal
gland were separated from those without tumors, the difference became insignificant. For animals with tumors, the adrenal mass was significantly higher in the exposed
group than in the sham group. This analysis indicated that the increase in adrenal
mass was related to the tumors and was independent of the metabolic processes in
the rats. The mean adrenal mass in exposed animals without tumors was slightly
larger, but statistically insignificant, as compared with that of the sham-exposed
rats. This increase in mass was attributed to one animal with a hyperplastic adrenal cortex, which was secondary to a pituitary tumor.
0,consumption and CO, production. Differences between exposed and shamexposed rats occurred in 0, consumption and CO, production in younger rats (body
mass 300-400 g) but not in the more mature animals (17-24 months old, body mass
550-600 g). The average hourly 0, consumption for the young rats during the
nocturnal period (1 900-0600 lights off) was significantly different between the
treatment conditions (Hotelling T’ statistic, F = 2.29, P = 0.025, df = 11,44). Although individual t tests of hourly CO, productions of the young animals did not
show consistent significant difference between treatment groups, the Hotelling T’
statistic was significant during the diurnal (1300-1900 lights on) period (lj= 2.73.
P = .023, df = 6,49) and even more significant during the night time hours (F = 2.91,
P = .006, df = 11,44). The effects observed in the young animals were less pronounced
during the second round (36 days later) of measurements. On an hour-to-hour basis,
the mature animals’ metabolic measures appeared less variable than those of the
young. The young animals demonstrated more marked responses to the lights-off
condition and generally higher levels on each measure during the night time hours,
i.e., the active portion of the rats’ circadian cycle. This apparent synchronization
of metabolic activity with the light-dark cycle has been noted by others investigating
the variation of activity, food and water consumption, and energy balance patterns
as a function of photoperiod [Zucker, 1971; Besch and Woods, 19771.

Gross Pathological and Histopathological Evaluation
Longevity. Product-limit estimates and log-rank statistics were used to estimate and compare survival curves of exposed and sham-exposed animals (Fig. 13).
Evaluation of the curves revealed that the median survival time was 688 days for
exposed animals and 663 days for the sham-exposed. Despite subtle differences in
the survival curves in the early and late stages of the study, statistical analysis indicated
no significant differences during any phase of the life span of the animals. Statistical evaluation indicated no association between a specific cause of death and
treatment condition: however, for cause of death due to urinary tract blockage (9
in exposed group and 19 in sham group), there is some indication that survival times
were longer in the exposed animals.
Histopathology. Parasitic, bacterial, mycoplasmal, and viral agents were
monitored during the 25-month period. A low-level(15%) infestation of the colony
with pinworms, Syphacia rnuris, occurred but no histological lesions were attributed to these nematodes. The microflora of the animals was altered over the course
of the experiment by the sporadic occurrence of Proteus sp. (mirahilis, rettgeri, and
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Fig. 13. Survival data for microwave-exposed and sham-exposed animals throughout the 25-month
study.

vulgaris), Staphylococcus epidermidis, Neisseria sp., Escherichia coli, and Klebsiella sp. These intestinal flora became opportunistic organisms in the few cases
of preputial adenitis and wound infections that occurred. Mycoplasma sp. was not
isolated, either by culture or serology, and serological monitoring failed to reveal
any significant elevations in titers of any of the common rodent viruses. There were
no underlying diseases that complicated or produced erroneous results in the gross
or histopathological evaluations of the experimental animals.
The histopathology data were grouped with respect to the animal's age, at 6month intervals, and the data were divided into neoplastic and non-neoplastic diagnoses. The documentation of morphological lesions showed 2,184 pathological
changes in the 200 animals examined. The non-neoplastic lesions comprised 1,992
of the observed changes, with 217 unique combinations of organs and lesions. The
neoplastic lesions accounted for 192 of the observations, with 83 unique combinations of organs and types of neoplasms.
Chronic glomerulonephropathy was the most frequent cause of death and one
of the most consistently encountered non-neoplastic lesions. Statistical analysis
(Mantel-Haenszel estimate and chi-square statistics) indicated that glomerulonephropathy was less frequently observed in the exposed than in the sham-exposed animals (P = .04,df = I). Analysis of the other non-neoplastic lesions did not indicate
that the specific lesions were more likely in either treatment condition. To detect
a progressive development of the chronic glomerulonephropathy, the severity of
the lesions was also evaluated. This analysis revealed no significant differences between the treatment condition and the severity of non-neoplastic lesions.
The neoplastic lesions were identified as benign or malignant, with the malignant lesions classified as primary or metastatic. A summary of these combinations is presented in Table 2, which indicates the total number of primary and
metastatic malignancies and benign lesions observed in both exposed and shamexposed animals. The incidence of neoplastic lesions corresponds with that normally
reported for the Sprague-Dawley rats: Only two tumors were present in rats younger
than 12 months, and tumor incidence rapidly increased after 18 months of age
[MacKenzie and Garner, 1973; Altman et al., 19851.The endocrine system had the
highest incidence of neoplasia in the aging rats, as is expected in this animal. The
incidence of benign pheochromocytoma of the adrenal medulla was much higher
in the exposed group than in the controls (7 out of 100 vs. 1 out of 100).However,
Fisher's exact test did not show a statistically significant effect (_P = .065).
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TABLE 2. Neoplastic Lesions Per Organ System
Exuosed

Sham-exuosed

Orean

Lesions

B

P

M

Adrenal

Adenoma
Carcinoma
Cortical adenoma
Cortical carcinoma
Myelomonocytic leukemia
Malignant lymphoma
Pheochromocytoma
Hemangiosarcoma
Leu kern ia
Myelomonocytic leukemia
Malignant lymphoma
Myelomonocytic leukemia
Malignant lymphoma
Myelomonocytic leukemia
Lyinphocytic lymphoma
Malignant lymphoma
Malignant lymphoma
Myelomonocytic leukemia
Malignant lymphoma
Squamous cell carcinoma
Squamous cell carcinoma
Leukemia
Myelomonocytic leukemia
Malignant lymphoma
Neurinoma
Leukemia
Myelomonocytic leukemia
Malignant lymphoma
Nephroblastoma
Adenoma
Carcinoma
Hepatocellular adenoma
Leukemia
Myelomonocytic leukemia
Malignant lymphoma
Squamous cell carcinoma
Leukemia
Myelomonocytic leukemia
Malignant lymphoma
Myelomonocytic leukemia
Malignant lymphoma
Transitional cell carcinoma
Transitional cell carcinoma
Leukemia
Adenoma
Islet-cell adenoma

0
0

0
0
0
3
0
0
0

0
0
0
0
0

Blood vessel
Bone marrow

Brain
Cervical
Lymph node
Colon
Duodenum

Edipidymis
EYe
Heart

Kidney

Liver

Lung

Lymph node

Mesentery
Nasal cavity
Pancreas

10
0

0

0
7
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
1

0
0
0
I
2
0
1

0
0
0
0
0
0
0
0
0
0
0
0
0
1

1

0
0
I
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

1

0
0
0
I
0
0
2

0
0
0
1
I
I
1
1

0
1
1

0
0
I
1

0
0
0
0
0
2
I
1

0
1
1

1

2

0
0
0
0
0
0

1
1
1

0
0
0

B
1

0
10
0
0
0
I
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
2
0
0
0
1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
1

P

M

0
1
0

0
0
0
0

0

0

1

0

0
0
0

0
0

0
0
0
0
0
0
1

0
0
0
0
0
0
0

0
0
0
0

0
0
0
0
1
0
0
0
0
0
0
0
0
1

0

0
0
0
0
0

1
1

0
1
0
1
0
1
0
0
0
0
0
1
1
0
0
1
1
0
0
0
0
0
1
1
1
0
1
0
0
0
0
0
0
1

0
0
Continued
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TABLE 2. Continued.
Exvosed
Orean

Sham-exvosed

B

P

M

B

P

M

Squamous cell carcinoma
Malignant lymphoma
Myelomonocytic leukemia
Liposarcoma
Adenoma
Carcinoma
Preputial gland Malignant lymphoma
Skeletal muscle Myelomonocytic leukemia
Auditory sebaceous sq
Skin
carcinoma
Basal cell carcinoma
Basal cell tumor
Keratoacanthoma
Malignant lymphoma
Pilomatricoma
Sebaceous adenoma
Myelomonocytic leukemia
Spleen
Malignant lymphoma
Malignant lymphoma
Stomach
Squamous cell carcinoma
Squamous cell papilloma
Fibroma
SubQ tissue
Fibrosarcoma
Lipoma
Neurinoma
Benign interstistial cell
Testes
tumor
Squamous cell carcinoma
Myelomonocytic leukemia
Thymus
Lymphocytic lymphoma
Malignant lymphoma
Adenoma C-cell
Thyroid
Carcinoma C-cell
Leukemia
Malignant lymphoma
Malignant lymphoma
Ureter
Transitional cell carcinoma
Uridbladder
Transitional cell papilloma
Zymbal’s gland Leukemia

0
0
0
0
17
0
0
0

0
0
0
I
0
2
0
0

1
1
1

0
0
0
0

0
0
0

0
0
0
0
0
0
0
0

0
0

1
1

1

0
0
0
0
0
0
0
0

0
1
0

0
0
2
0
0
0
1
0
0

Total

62

18

Pancreas
Parathyroid
Parotid SG
Peritoneum
Pituitary

Lesions

1
0
1
2
0
0
0
0
3
I
0
I
0
1

0
0
0
0
10

0
0
0
0

1
0
0
1

0
0

0
0
0
1
1

0
0
0
0
1

0
0
1
1
1

0
0
0
0
0
0

0
0

0

1
1

0
0
0
0
0
0

21

0
0

0
0
0

0
0
0

0
0
0
I
0
0
0
0
0
0
0
4
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0

0

0
0
0
0
0
0
0

0

0
1

1
0
0
0

0
0
0
0
0
9
0
0
0
0
0
0
0

36

53

1

1

0
0
0
1

0
0
0
0
0
0
0
0

5

1

0
0
0
0
0
0
0
0

1

0
0
0
0
1

18

This table lists neoplastic lesions found per organ system. These lesions may be benign (B), a primary malignancy (P), or a metastatic malignancy (M) arising from a primary malignancy in another
organ system (i.e., a malignant neoplasm may occur as a metastatic malignancy in many organs of a
single animal, but as a primary malignancy in only one organ system of an animal).
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The low incidence of neoplasia with no significant increase in any specific
organ or tissue required the data to be collapsed and evaluated with respect to
occurrence per se of neoplasms, with no attention given to the site or organ of
occurrence. For benign lesions, as shown in Table 3 , the Mantel-Haenszel (M-H)
estimate of the odds ratio was 1.04. The chi-square statistic, which tests whether
the relative risk is 1, was .001 (p=,97, df = 1); therefore, we found no evidence
that either group had an excess of benign lesions. For total neoplastic incidence
including benign and malignant lesions, statistical evaluation revealed no signifi= 0.32, P > .05).
cant difference between the exposed and sham-exposed groups
A similar set of tables was prepared for primary malignant neoplastic lesions and
is presented in Table 4. When all age categories for the primary malignant lesions were
considered, the M-H estimate of the odds ratio was 4.27 and the chi-square statistic
was 7.66 (E = ,006, df = 1). With the first three age categories combined and the analysis
repeated, the M-H statistic was 4.38 and the chi-square statistic was 7.9 (P = .005, df
= 1). When the first four age categories were collapsed (leaving two categories: 1-24
and 25-30 mo), the M-H statistic was 4.47 and the chi-square was 6.97 (P = .OOS, df
= 1). When age at death was ignored completely, the M-H estimate of the relative risk
was 4.46 and the chi-square was 8.00 (P = .005, df = 1). It is interesting that the estimate of the odds ratio and the chi-square statistic are both insensitive to the way the
data were grouped with respect to age at death.
A survival-type analysis also was done with time of death as a surrogate for
time to tumor development if a primary malignant lesion were present. If no primary malignant lesions were found, time to tumor was considered censored at the
time to death. From that analysis, the log-rank statistic is 7.63 with a p value of
.006. This analysis indicates that the primary tumors occurred earlier in exposed
rats than in sham-exposed animals.

(x’

DISCUSSION

We investigated the effects on health of long-term exposure to low-level, pulsed,
microwave radiation. Among the 155 parameters studied, most of them showed no
TABLE 3. Incidence of Benign NeoDlasms at Death

Ape
Age considered (rno)
1-6
7-12

Benign
neoolasms
Yes
No
Yes
NO

13-18
19-24

25-30

Yes
No
Yes
No
Yes
No

No. of animals

Exoosed

Sham

0

0
3

3
0
5
1
24
16
19
22
10

3

5
5
18
11
24
19
12

Age not considered
Yes

39

NO

61

38
62
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TABLE 4. Incidence of Primarv Malienant Lesions at Death
Primary
Age
Age considered (mo)
1-6

malignant
lesions
Yes

No
7-12

13-18
19-24
25-30

Yes
No
Yes

No
Yes
No
Yes
No

No. of animals
Exposed

Sham

0
3

0
3

0
5

0

75

8
2
21
I
34
2
29

18
82

5
95

2
23
9

26
7

Age not considered

Yes
No

significant differences associated with exposure during the 25-month period. However,
a few parameters showed positive effects. There was a statistically significant increase in the mean of the serum corticosterone level in exposed rats at the time of
the first blood sampling, and there was a significantly lower level at the third session of measurement as compared with sham-exposed animals. The other significant effects involved the immune response of the rats at 13 months of exposure and
the O,/CO, metabolism in young rats.
The early finding of elevated corticosterone levels was not found in the later
sessions of the 25-months study. The failure to repeat may be due to maturational
differences, to the decreasing SAR as animals grew, or to a combination of the two.
The lack of a significant difference in the total number of B and T cells in the terminaleuthanasia animals of the original study may also be the result of aging, the onset
of immunosenescence, or the declining SARs. The role of a decreased SAR in animals
across time should be considered if a similar study is conducted. One could avoid
this problem by increasing the power level to keep the SAR constant.
A follow-up study was conducted to confirm both corticosterone and immune
system effects [Chou et al., 19861. Neither effect was confirmed in two groups of
20 animals each exposed for 6 and 12 months, respectively, under the same exposure condition as the original study. An equal number of sham-exposed animals served
as controls. The sample size of 20 animals per group was chosen to have good
statistical power (80%) to detect the same magnitude of differences observed in the
original study. The failure to confirm indicates that the original findings are not robust.
The lack of discernible differences in 0, consumption and C0,production in
the mature animals at this level of microwave exposure is in agreement with the
results of Phillips et al. 119751. They exposed male adult rats to various intensities
of 2,450-MHz microwaves. Animals receiving 27 cal/min (- 2W) showed no difference from controls. The microwave exposure in our study resulted in an energy
deposition of 1.5-2.0 cal/min (144 mW) throughout the lifetime of the animal,
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well below levels employed by Phillips et al. Under the ambient environmental conditions of temperature, humidity, and airflow, the rate of energy deposition used
in our study was not sufficient to produce robust changes in the metabolism of the
mature rat exposed to microwave irradiation. Changes in the 0, consumption and
CO, production were observed in young, exposed animals-and these changes were
more pronounced during the first round of the measurements-are consistent with
the fact that the rate of energy absorption in our waveguide apparatus decreases with
increasing body mass. Due to the fast growth rate of the rats (Fig. 12), the animals
were subjected to higher SARs only during the first month.
The incidence of benign pheochromocytome of the adrenal medulla was higher
but not statistically significantly so in the exposed group. However, we note that
the incidence of this tumor in the exposed group does not exceed the incidence of
tumors reported in the literature for this strain of rat housed under specific pathogen-free conditions [Anver et al., 19821. Strict comparisons of these data with those
from other laboratories cannot be made, however, because the animals were not
subjected to parallel conditions. A reference control-large numbers of untreated
rats except for observation of longevity and post-mortem analysis-would be desirable in future studies.
The finding of a near fourfold increase of primary malignancies in the exposed
animals is provocative. These data cannot be considered as an artifact because different
statistical analyses led to similar results. Although the overall difference in numbers of primary malignancies is statistically significant, the biological significance
of this difference is open to question. First, detection of this difference required
the collapsing of sparse data without regard for the specific type of malignancy or
tissue of origin. Also, when the incidence of the specific primary malignancies in
exposed animals was compared with specific tumor incidence reported in the literature, the exposed animals had an incidence similar to that of untreated control
rats of the same strain maintained under similar SPF conditions. It is important to
note that no single type of primary malignancy was enhanced in the exposed animals. From the standpoint of carcinogenesis and under the assumption that the
initiation process is similar for both benign and malignant tumors, benign neoplasms
have considerable significance. That treatment groups showed no difference in
incidence of benign tumors is an important element in defining the promotion and
induction potential of microwave radiation for carcinogenesis.
Morphologically, carcinogenesis proceeds through transitory or progressive
states of growth, including hyperplasia and/or dysplasia, benign neoplasia, and finally
overt malignant neoplasia. This morphological continuum, which often, but not always
occurs, is the basis for grading systems and staging systems in common usage in
medical pathology. Although the exact cause of cancer remains illusive, there is considerable morphological and biochemical evidence that neoplasms in humans and
animals progress through a series of stages and ultimately become completely
autonomous, invade surrounding tissue, and metastasize widely. Although there are
readily recognizable histopathologic differences between the cancer cell and the
normal cell, the biochemical differences, especially relating to the molecular biology of DNA and RNA synthesis, protein and polypeptide synthesis, enzyme activity,
and membrane receptions to ultrastructural and cellular components is far from being
completely understood [Busch, 1974, 19791.
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The incidence of benign pheochromocytomas of the adrenal medulla was higher
in the exposed group than in the controls; however, no other single type of tumor
was significantly increased by the treatment, even though the primary malignancies of all types is significantly elevated in the exposed group. In considering this
issue, one perspective to keep in mind is that, with the induction of cancer by a
carcinogen, tissue-specific effects are usually induced, so that an agent is not usually considered carcinogenic unless it induces a significant response in any one tissue.
The U.S. Environmental Protection Agency Guidelines for carcinogenicity risk
assessment states, “A statistically significant excess of tumors of all types in the
aggregate, in the absence of a statistically significant increase of any individual tumor
type, should be regarded as minimal evidence of carcinogenic action unless there
are persuasive reasons to the contrary” [U.S. EPA, 19861.
The combining of malignant tumors from all sites for statistical comparison
of incidence in the exposed and control groups is questionable as to its biological
relevance. A major factor that one must consider is the different response found in
this study from what is expected in a chemical carcinogenesis study. There was no
discernible induction of benign tumors in the organs that were apparently developing malignant neoplasms. Considering that the majority of the 155 parameters
evaluated showed no differences, and especially that longevity was not affected,
the biological significance of the increased primary malignancies is unknown. Chance
variations may be the reason for difference in numbers of malignancies [Ward, 19831.
Scientists of the Georgia Institute of Technology have performed a complementary study, also supported by the Air Force; 200 rats were exposed to 435-MHz
fields in circular, parallel-plate waveguides, 22 hr/day for 6 months. No significant
differences in blood-borne end points were found [Toler et al., 19881. To explore
the possibility of RF-induced tumor initiation or promotion, the Georgia Tech group
exposed a large population (200 exposed and 200 sham-exposed) of mammary-tumorprone mice to 435 MHz fields for 21 months. This study was specifically designed
to examine the effects of low-level, pulsed RF fields on cell growth and differentiation, unlike our project which was designed to study effects on general health
and longevity. Their experiment is completed and the data are being analyzed. It
will be interesting to compare their results with ours.

CONCLUSIONS
Microwave exposure of 100 male rats (and 100 sham-exposed controls) at SARs
of 0.4 to 0.2 W/kg (pulsed, 2,450-MHz circularly-polarized microwaves at 21.5 h/
day, for 25 months) showed no biologically significant effects on general health,
serum chemistry, hematological profiles, longevity, cause of death, and lesions
associated with aging and benign neoplasia. Statistically significant effects were
found in corticosterone levels and immunological parameters at 13 months exposure, but these findings were not confirmed in a follow-up study. 0, consumption
and C0,production were lower in exposed young rats. These effects were not observed
in mature rats. The findings of an excess of primary malignancies in exposed animals is provocative. However, when this single finding is considered in light of other
parameters, it is conjectural whether the statistical difference reflects a true biological influence. The overall results indicate that there are no defintive, biologi-
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cally significant effects on rats chronically exposed to this form of microwave
irradiation. Positive findings need further independent experimental evaluation.
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