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FOREWORD

The National Toxicology Program (NTP) is an interagency program within the Public Health Service (PHS) of the
Department of Health and Human Services (HHS) and is headquartered at the National Institute of Environmental
Health Sciences of the National Institutes of Health (NIEHS/NIH). Three agencies contribute resources to the
program: NIEHS/NIH, the National Institute for Occupational Safety and Health of the Centers for Disease Control
and Prevention (NIOSH/CDC), and the National Center for Toxicological Research of the Food and Drug
Administration (NCTR/FDA). Established in 1978, the NTP is charged with coordinating toxicological testing
activities, strengthening the science base in toxicology, developing and validating improved testing methods, and
providing information about potentially toxic substances to health regulatory and research agencies, scientific and
medical communities, and the public.

The Technical Report series began in 1976 with carcinogenesis studies conducted by the National Cancer Institute.
In 1981, this bioassay program was transferred to the NTP. The studies described in the Technical Report series are
designed and conducted to characterize and evaluate the toxicologic potential, including carcinogenic activity, of
selected substances in laboratory animals (usually two species, rats and mice). Substances selected for NTP toxicity
and carcinogenicity studies are chosen primarily on the basis of human exposure, level of production, and chemical
structure. The interpretive conclusions presented in NTP Technical Reports are based only on the results of these
NTP studies. Extrapolation of these results to other species, including characterization of hazards and risks to
humans, requires analyses beyond the intent of these reports. Selection per se is not an indicator of a substance’s
carcinogenic potential.

The NTP conducts its studies in compliance with its laboratory health and safety guidelines and FDA Good
Laboratory Practice Regulations and must meet or exceed all applicable federal, state, and local health and safety
regulations. Animal care and use are in accordance with the Public Health Service Policy on Humane Care and Use
of Animals. Studies are subjected to retrospective quality assurance audits before being presented for public review.

NTP Technical Reports are indexed in the NIH/NLM PubMed database and are available free of charge
electronically on the NTP website (http://ntp.niehs.nih.gov). Additional information regarding this study may be
requested through Central Data Management (CDM) at cdm@niehs.nih.gov. Toxicity data are available through
NTP’s Chemical Effects in Biological Systems (CEBS) database: https://www.niehs.nih.gov/research/resources/
databases/cebs/index.cfm.
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SUMMARY

Background

Cell phones utilize a specific type of radio waves, or radio frequency radiation (RFR), to transmit between the
devices and the network. Exposure of people to RFR occurs primarily through use of cell phones and other wireless
devices. We studied the effects of nearly lifetime exposures to two different types, or modulations, of RFR (GSM
and CDMA) used in cellular telephone networks in the United States in male and female rats and mice to identify
potential toxicity or cancer-related hazards.

Over the years, cell phone technology has evolved from the original analog technology (1G) commercially
introduced in the 1980s to digital networks that supplanted analog phones. The digital network, referred to as 2G or
the 2nd generation of technology, was commercially launched in the 1990s, with 3G and 4G subsequently deployed
in the intervening years. When the current studies were being designed, 2G technology was the industry standard,
and 3G technologies were under development. While newer technologies have continued to evolve, it is important
to note that these technologies have not completely replaced the older technologies. In fact, today’s phones are very
complex in that they contain several antennas, for wi-fi, GPS, 2G/3G bands, etc. Thus, the results of these studies
remain relevant to current exposures, although the power levels of the exposures were much higher than typical
patterns of human use.

Methods

We exposed groups of 90 male and 90 female rats to 1.5, 3, or 6 W/kg RFR that was modulated in the same manner
in which signals are emitted from cell phones and other similar wireless communication devices. Other groups of
male and female rats housed in the same type of chambers without any exposure to RFR were used as the controls.
Animals were exposed to RFR in utero, postnatally, and during adulthood for approximately 9 hours a day, 7 days
per week, for 2 years. Tissues from more than 40 sites were examined for every animal.

Results

Exposure to RFR caused decreased body weights of pregnant rats during gestation and lower birth weights in their
offspring. However, a few weeks after birth body weights returned to normal and were similar to non-exposed rats.
In general, RFR-exposed male rats lived longer than non-exposed rats. The higher survival of exposed males was
attributed to a lower severity of a natural, age-related kidney disease typically observed in male rats at the end of
these types of studies, which may have been related to the RFR exposure. In both studies (GSM and CDMA),
exposure to RFR in male rats resulted in higher numbers of animals with tumors of the heart and brain. In the GSM
study, increased numbers of animals with tumors of the adrenal gland were also observed in exposed males. In both
studies, there were tumors that occurred in several organs that we were unable to clearly determine whether these
resulted from exposure or were just incidental findings. For the GSM studies, these lesions included tumors of the
prostate gland, pituitary gland, and pancreas in males and of the heart in females. For the CDMA studies, these
equivocal lesions included tumors of the pituitary gland and liver in males and of the heart, brain, and adrenal gland
of females.

Conclusions

In males for both GSM- and CDMA-modulated RFR, we conclude that exposures increased the number of animals
with tumors in the heart. Tumors of the brain were also considered to be related to exposure; and increased numbers
of male rats with tumors of the adrenal gland were also related to exposure. We are uncertain whether occurrences
of prostate gland, pituitary gland, and pancreatic islet tumors in male rats exposed to GSM-modulated RFR and
pituitary gland and liver tumors in male rats exposed to CDMA-modulated RFR were related to RFR exposures.
This was also the case with female rats, where we conclude that exposure to GSM- or CDMA-modulated RFR may
have been related to tumors in the heart. For females exposed to CDMA-modulated RFR, occurrences of brain and
adrenal gland tumors may have been related to exposure.
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ABSTRACT

GSM- AND CDMA-MODULATED CELL PHONE RADIO FREQUENCY RADIATION

Synonyms: Cell phone radio frequency radiation; mobile phone radio frequency radiation

The predominant source of human exposure to radio fre-
quency radiation (RFR) occurs through usage of cellular
phone handsets. The Food and Drug Administration
nominated cell phone RFR emission for toxicology and
carcinogenicity testing in 1999. At that time, animal
experiments were deemed crucial because meaningful
human exposure health data from epidemiological stud-
ies were not available. Male and female Hsd:Sprague
Dawley SD rats were exposed to time-averaged whole-
body specific absorption rates of Global System for
Mobile Communications (GSM)- or Code Division Mul-
tiple Access (CDMA)-modulated cell phone RFR at
900 MHz in utero, during lactation, and after weaning for
28 days or 2 years. Genetic toxicology studies were con-
ducted in rat peripheral blood erythrocytes and leuko-
cytes, brain cells, and liver cells.

GSM

28-Day Study

Beginning on gestation day (GD) 6, groups of 20 time-
mated Fo female rats were housed in specially designed
reverberation chambers and received whole-body expo-
sures to GSM-modulated cell phone RFR at power levels
of 0 (sham control), 3, 6 or 9 W/kg for 5 to 7 days per
week, continuing throughout gestation and lactation.
Exposure was up to 18 hours and 20 minutes per day, 5
or 7 days per week, with continuous cycling of
10 minutes on and 10 minutes off during the exposure
periods. The sham control animals were housed in rever-
beration chambers identical to those used for exposed
groups, but were not exposed to cell phone RFR; a shared
group of unexposed rats of each sex served as sham con-
trols for both cell phone RFR modulations. At weaning,
10 males and 10 females per group were selected across

ten litters for continuation. Weaning occurred on the day
the last litter reached postnatal day (PND) 21, marking
the beginning of the 28-day study. Male and female F;
offspring continued to receive whole-body exposures to
GSM-modulated cell phone RFR at the same power lev-
els and under the same exposure paradigm, 5 to 7 days
per week for up to 28 days. Prior to exposures, 10 Fo
females per group and four male and four female F litters
per group had temperature microchips implanted subcu-
taneously to monitor individual animal temperatures.

In Fo females, there were no exposure-related effects on
survival or littering rates. There were significantly
decreased maternal body weight gains in the 9 W/kg
group during gestation (GD 6 through 21). During lacta-
tion, there were significantly decreased mean body
weights and mean body weight gains at most time points.
Mean body temperatures in the 9 W/kg group were sig-
nificantly greater than those of the sham controls
throughout most gestation and lactation. There were also
sporadic increased mean body temperatures in the 3 and
6 W/kg groups.

In F1 offspring, there were no exposure-related effects on
total and live litter size during lactation although there
was a significantly increased number of dead pups per
litter and decreased survival ratio in the 9 W/kg group
from PND 1 to 4. There were also significant decreases
in body weights of males and females exposed to 9 W/kg
during lactation (PND 1 through 21). All offspring sur-
vived to the end of the study and body weights of 9 W/kg
males were lower than those of the sham controls
throughout the study. Mean body temperatures were
generally similar between the exposed groups and the
sham controls. There were no exposure-related effects
on organ weights in either sex. There were increased
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incidences of chronic progressive nephropathy in the kid-
ney of exposed female groups, but the incidences were
not significant and the severity was minimal in all cases.

2-Year Study

Beginning on GD 5, groups of 56 time-mated Fo female
rats were housed in specially designed reverberation
chambers and received whole-body exposures to GSM-
modulated cell phone RFR at power levels of 0 (sham
control), 1.5, 3, or 6 W/kg for 7 days per week, continu-
ing throughout gestation and lactation. Exposure was up
to 18 hours and 20 minutes per day with continuous
cycling of 10 minutes on and 10 minutes off during the
exposure periods. There were seven exposure groups per
sex, including a shared sham control and three exposure
groups for each modulation. At weaning, three males and
three females per litter from 35 litters were randomly
selected per exposure group for continuation. Weaning
occurred on the day the last litter reached PND 21, mark-
ing the beginning of the 2-year studies. Groups of
105 male and 105 female F; offspring continued to
receive whole-body exposures to GSM-modulated cell
phone RFR at the same power levels and under the same
exposure paradigm, 7 days per week for up to 104 weeks.
After 14 weeks of exposure, 10 rats per group were ran-
domly selected for interim histopathologic evaluation
and five were designated for genetic toxicity evaluation.

In Fo females, there no exposure-related effects on preg-
nancy status, maternal survival, or the percentage of ani-
mals that littered. During gestation, mean body weight
gains of 6 W/kg females were significantly lower than
those of the sham controls from GD 15 through 18 and
during the overall gestation period (GD 6 through 21).
During lactation, the mean body weights of 3 and 6 W/kg
females were significantly lower than those of the sham
controls for the period of PND 4 through 21.

In F1 offspring, there was no effect on litter size, pup mor-
tality or survival ratio. During lactation, mean pup
weights were significantly lower at most timepoints in
the 3 W/kg groups and at all timepoints in the 6 W/kg
groups. At the end of 2 years, survival of all exposed
male groups was significantly greater than that of the
sham control group due to the effect of chronic progres-
sive nephropathy in the kidney of sham control males.
Survival of exposed female groups was similar to that of
the sham controls. The mean body weights of all exposed
males and females were similar to those of the sham
control groups. There were no exposure-related clinical
observations.

At the 14-week interim evaluation, there were no changes
in clinical pathology parameters or organ weights that
were considered to be related to exposure. There were
no GSM exposure-related effects on reproductive organ

weights or sperm parameters in males. The estrous cycle
in females was not evaluated due to poor slide quality. In
the heart, there were increased incidences of right ventri-
cle cardiomyopathy and cardiomyopathy (all sites) in the
3 and 6 W/kg groups. Only the incidence of cardiomy-
opathy (all sites) in the 3 W/kg males was significantly
greater than that of the sham controls.

In the heart at the end of the 2-year studies, malignant
schwannoma was observed in all exposed male groups
and the 3 W/kg female group, but none occurred in the
sham controls. Endocardial Schwann cell hyperplasia
also occurred in a single 1.5 W/kg male and two 6 W/kg
males. There were also significantly increased inci-
dences of right ventricle cardiomyopathy in 3 and 6 W/kg
males and females.

In the brain of males, there were increased incidences of
malignant glioma and glial cell hyperplasia in all exposed
groups, but none in the sham controls. There was also
increased incidences of benign or malignant granular cell
tumors in all exposed groups.

There were significantly increased incidences of benign
pheochromocytoma and benign, malignant, or complex
pheochromocytoma (combined) of the adrenal medulla in
males exposed to 1.5 or 3 W/kg. In the adrenal medulla
of females exposed to 6 W/kg, there were significantly
increased incidences of hyperplasia.

In the prostate gland of male rats, there were increased
incidences of adenoma or adenoma or carcinoma (com-
bined) in 3 W/kg males and epithelium hyperplasia in all
exposed male groups. In the pituitary gland (pars dis-
talis), there were increased incidences of adenoma in all
exposed male groups. There were also increased inci-
dences of adenoma or carcinoma (combined) of the pan-
creatic islets in all exposed groups of male rats, but only
the incidence in the 1.5 W/kg group was significant.

In female rats, there were significantly increased inci-
dences of C-cell hyperplasia of the thyroid gland in all
exposed groups, and significantly increased incidences of
hyperplasia of the adrenal cortex in the 3 and 6 W/kg
groups.

CDMA

28-Day Study

Beginning on gestation day (GD) 6, groups of 20 time-
mated Fo female rats were housed in specially designed
reverberation chambers and received whole-body expo-
sures to CDMA-modulated cell phone RFR at power lev-
els of 0 (sham control), 3, 6 or 9 W/kg for 5 to 7 days per
week, continuing throughout gestation and lactation.
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Exposure was up to 18 hours and 20 minutes per day, 5
or 7 days per week, with continuous cycling of
10 minutes on and 10 minutes off during the exposure
periods. The sham control animals were housed in rever-
beration chambers identical to those used for exposed
groups, but were not exposed to cell phone RFR; a shared
group of unexposed rats of each sex served as sham con-
trols for both cell phone RFR modulations. At weaning,
10 males and 10 females per group were selected across
ten litters for continuation. Weaning occurred on the day
the last litter reached postnatal day (PND) 21, marking
the beginning of the 28-day study. Male and female F;
offspring continued to receive whole-body exposures to
CDMA-modulated cell phone RFR at the same power
levels and under the same exposure paradigm, 5 to 7 days
per week for up to 28 days. Prior to exposures, 10 Fo
females per group and four male and four female F litters
per group had temperature microchips implanted subcu-
taneously to monitor individual animal temperatures.

In Fo females, there were no exposure-related effects on
survival or littering rates. There were significantly
decreased mean body weight gains in the 9 W/kg group
from GD 15 through 18 and for the gestation period as a
whole (GD 6 through 21). During lactation in the 9 W/kg
group, there were significantly decreased mean body
weights on PNDs 7 through 21 and a significant decrease
in mean body weight gain over the whole period (PND 1
through 21). Mean body temperatures during gestation
and lactation were significantly increased when com-
pared to the sham controls at several time points in the
9 W/kg group and sporadically in the 6 W/kg group.

In F offspring, there were no exposure-related effects on
total and live litter size during lactation although there
was a slightly greater number of dead pups in exposed
groups from PND 1 to 4 and in the 6 and 9 W/kg groups
from PND 4 to 21. There were significantly decreased
mean body weights in 6 and 9 W/kg males and 9 W/kg
females during lactation. All offspring survived to the
end of the study. Only the mean body weights of 9 W/kg
males were significantly lower than those of the sham
controls throughout the study. Mean body temperatures
in exposed groups were similar to those of the sham con-
trols throughout the study. There were no exposure-
related effects on organ weights in either sex. There was
a significantly increased incidence of chronic progressive
nephropathy in the kidney of 6 W/kg females but the
severity was minimal in all cases.

2-Year Study

Beginning on GD 5, groups of 56 time-mated Fo female
rats were housed in specially designed reverberation
chambers and received whole-body exposures to CDMA-
modulated cell phone RFR at power levels of 0 (sham

control), 1.5, 3, or 6 W/kg for 7 days per week, continu-
ing throughout gestation and lactation. Exposure was up
to 18 hours and 20 minutes per day with continuous
cycling of 10 minutes on and 10 minutes off during the
exposure periods. There were seven exposure groups per
seX, including a shared sham control and three exposure
groups for each modulation. At weaning, three males and
three females per litter from 35 litters were randomly
selected per exposure group for continuation. Weaning
occurred on the day the last litter reached PND 21, mark-
ing the beginning of the 2-year studies. Groups of
105 male and 105 female F; offspring continued to
receive whole-body exposures to CDMA-modulated cell
phone RFR at the same power levels and under the same
exposure paradigm, 7 days per week for up to 104 weeks.
After 14 weeks of exposure, 10 rats per group were ran-
domly selected for interim histopathologic evaluation
and five were designated for genetic toxicity evaluation.

In Fo females, there no exposure-related effects on preg-
nancy status, maternal survival, or the percentage of ani-
mals that littered. During gestation, the mean body
weights and mean body weight gains of exposed groups
were similar to those of the sham controls. During lacta-
tion, mean body weights were significantly lower than
those of the sham controls at most time points in the
6 W/kg group, at several time points in the 1.5 and
3 W/kg groups, and the mean body weight gains for the
period as a whole (PND 1 through 21) were significantly
lower in the 3 and 6 W/kg groups.

In F; offspring, there were no effects on litter size on
PND 1. On PND 7 through 21, there were significant
decreases in live litter size in the 6 W/kg group when
compared to the sham controls. Throughout lactation, the
male and female pup mean body weights in the 6 W/kg
groups were significantly lower than those of the sham
controls. At the end of 2 years, survival in all exposed
male group was greater than that of the sham control
group due to the effects of chronic progressive nephrop-
athy in the kidney of the sham control males. In females,
there was a small, but statistically significant increase in
survival in the 6 W/kg group. Although there were some
differences in mean body weights in exposed male
groups, at the end of the study, the mean body weights of
exposed male and female groups were similar to those of
the sham controls. There were no exposure-related clin-
ical observations.

At the 14-week interim evaluation, there were changes in
clinical pathology or organ weights that were considered
to be related to exposure. There were no CDMA exposure-
related effects on reproductive organ weights or sperm
parameters in males. The estrous cycle in females was not
evaluated due to poor slide quality. Inthe heart, there were
increased incidences of right ventricle cardiomyopathy in
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all exposed male groups, but the severities were minimal
in all cases. There were marginally increased incidences
of cardiomyopathy (all sites) in the 3 and 6 W/kg females.

At the end of the 2-year study, malignant schwannoma of
the heart occurred in all exposed male groups and the
incidence in the 6 W/kg group was significantly
increased; this neoplasm did not occur in the sham con-
trols. There was also an increased incidence of endocar-
dial Schwann cell hyperplasia in 6 W/kg males. In
females, malignant schwannoma occurred in two animals
each in the 1.5 and 6 W/kg groups.

In the brain, malignant glioma occurred in 6 W/kg males
and 1.5 W/kg females; none occurred in the sham control
groups. Glial cell hyperplasia also occurred in 1.5 and
6 W/kg males and 3 and 6 W/kg females.

In males, there was a significantly increased incidence of
pituitary gland (pars distalis) adenoma in the 3 W/kg
group, and increased incidences of hepatocellular ade-
noma or carcinoma (combined) in the liver of all exposed
groups.

In the adrenal medulla of females, there were increased
incidences of benign, malignant, or complex pheochro-
mocytoma (combined) in all exposed groups, but only the
incidence in the 1.5 W/kg group was significantly
increased compared to the sham controls.

In the prostate gland of male rats, there were increased
incidences of epithelial hyperplasia in all exposed
groups, but only the incidence in the 6 W/kg group was
significantly increased compared to the sham control

group.

GENETIC TOXICOLOGY

Comet Assay

As part of the 14-week interim evaluation, samples of
frontal cortex, hippocampus, cerebellum, liver, and blood
leukocytes were evaluated for DNA damage using the
comet assay (two sexes, two cell phone RFR modula-
tions, and five tissues per animal). Samples of peripheral
blood from these same animals were also evaluated for
chromosome damage in the micronucleus assay. Results
in the comet assay are based on the 100-cell scoring
approach that was standard at the time of the studies; data
obtained using a second, 150-cell scoring approach rec-
ommended in a recently adopted international guideline
for the invivo comet assay, are noted for the few
instances where results differed between the two meth-
ods. A significant increase in DNA damage (% tail
DNA) was observed in hippocampus cells of male rats
exposed to the CDMA modulation. Although the levels

of DNA damage in hippocampus cells were also
increased in an exposure-related fashion using the
150-cell scoring approach, the increases were not statis-
tically significant. An exposure-related increase in DNA
damage seen in the cells of the frontal cortex of male rats
exposed to the CDMA modulation was judged to be
equivocal based on a significant trend test. Although
results from scoring 100 cells were negative for male rat
blood leukocytes exposed to either CDMA or GSM mod-
ulations, the results (both CDMA and GSM) were judged
to be equivocal when evaluated using the 150-cell scor-
ing method. No statistically significant increases in DNA
damage were observed in any of the female rat samples
scored with the 100-cell approach; with the 150-cell
approach, results in peripheral blood leukocytes of
female rats (CDMA) were judged to be equivocal.

Micronucleus Assay

No significant increases in micronucleated red blood
cells or changes in the percentage of immature erythro-
cytes among total erythrocytes were observed in periph-
eral blood of rats of either sex exposed to either modula-
tion of cell phone RFR.

CONCLUSIONS
GSM-Modulated RFR

Under the conditions of this 2-year whole-body exposure
study, there was clear evidence of carcinogenic activity*
of GSM-modulated cell phone RFR at 900 MHz in male
Hsd:Sprague Dawley SD rats based on the incidences of
malignant schwannoma of the heart. The incidences of
malignant glioma of the brain and benign, malignant, or
complex pheochromocytoma (combined) of the adrenal
medulla were also related to RFR exposure. The inci-
dences of benign or malignant granular cell tumors of the
brain, adenoma or carcinoma (combined) of the prostate
gland, adenoma of the pars distalis of the pituitary gland,
and pancreatic islet cell adenoma or carcinoma (com-
bined) may have been related to RFR exposure. There
was equivocal evidence of carcinogenic activity of GSM-
modulated cell phone RFR at 900 MHz in female
Hsd:Sprague Dawley SD rats based on the incidences of
schwannomas of the heart.

Increases in nonneoplastic lesions of the heart, brain, and
prostate gland in male rats, and of the heart, thyroid
gland, and adrenal gland in female rats occurred with
exposures to GSM-modulated RFR at 900 MHz.

CDMA-Modulated RFR

Under the conditions of this 2-year whole-body exposure
study, there was clear evidence of carcinogenic activity
of CDMA-modulated cell phone RFR at 900 MHz in
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male Hsd:Sprague Dawley SD rats based on the inci-
dences of malignant schwannoma of the heart. The inci-
dences of malignant glioma of the brain were also related
to RFR exposure. The incidences of adenoma of the pars
distalis of the pituitary gland and adenoma or carcinoma
(combined) of the liver may have been related to RFR
exposure. There was equivocal evidence of carcinogenic
activity of CDMA-modulated cell phone RFR at
900 MHz in female Hsd:Sprague Dawley SD rats based

on the incidences of malignant schwannoma of the heart,
malignant glioma of the brain, and benign, malignant, or
complex pheochromocytoma (combined) of the adrenal
medulla.

Increases in nonneoplastic lesions of the heart, brain, and
prostate gland in male rats, and of the brain in female rats
occurred with exposures to CDMA-modulated RFR at
900 MHz.

* Explanation of Levels of Evidence of Carcinogenic Activity is on page 16. A summary of the Peer Review Panel comments and public

discussion on this Technical Report appears in Appendix L.
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Summary of the 2-Year Carcinogenesis and Genetic Toxicology Studies
of GSM- and CDMA-Modulated Cell Phone RFR Exposure in Rats

GSM-Modulated
Cell Phone RFR
Male Rats

GSM-Modulated
Cell Phone RFR
Female Rats

CDMA-Modulated
Cell Phone RFR
Male Rats

CDMA-Modulated
Cell Phone RFR
Female Rats

Whole-body GSM- or
CDMA-modulated cell
phone RFR exposure
Survival rates

Body weights

Nonneoplastic effects

Neoplastic effects

Equivocal findings

0, 1.5, 3, or 6 W/kg

25/90, 45/90, 50/90,
60/90

Exposed groups similar
to the sham control group

Heart: ventricle right,
cardiomyopathy (54/90,
62/90, 72/90, 74/90);
Schwann cell hyperplasia
(0/90, 1/90, 0/90, 2/90)

Brain: glial cell,
hyperplasia (0/90, 2/90,
3/90, 1/90)

Prostate gland:
epithelium, hyperplasia
(5/90, 13/90, 11/90,
11/90)

Heart:
schwannoma malignant
(0/90, 2/90, 1/90, 5/90)

Brain: glioma malignant
(0/90, 3/90, 3/90, 2/90)

Adrenal medulla:
benign, malignant, or
complex
pheochromocytoma
(11/88, 24/90, 28/89,
14/87)

Brain: meninges,
granular cell tumor
benign or malignant
(1/90, 3/90, 4/90, 3/90)

Prostate gland: adenoma
or carcinoma (2/90, 2/90,
7/90, 3/90)

Pituitary gland: pars
distalis, adenoma (17/89,
28/90, 26/90, 26/90)

Islets, pancreatic:
adenoma or carcinoma

(13/90, 27/89, 19/86,
16/85)

0,1.5, 3, or 6 W/kg

48/90, 53/90, 48/90,
57/90

Exposed groups similar
to the sham control group

Heart: ventricle right,
cardiomyopathy (4/90,
9/90, 14/90, 15/90)

Thyroid gland: C-cell,
hyperplasia (28/90,
49/88, 45/90, 43/88)

Adrenal medulla:
hyperplasia (13/86,
19/90, 14/90, 25/86)

None

Heart: schwannoma
malignant (0/90, 0/90,
2/90, 0/90)

0, 1.5, 3, or 6 W/kg

25/90, 43/90, 56/90,
43/90

Exposed groups similar
to the sham control group

Heart: Schwann cell
hyperplasia (0/90, 0/90,
0/90, 3/90)

Brain: glial cell,
hyperplasia (0/90, 2/90,
0/90, 2/90)

Prostate gland:
epithelium, hyperplasia
(5/90, 11/90, 9/90, 15/85)

Heart: schwannoma
malignant (0/90, 2/90,
3/90, 6/90)

Brain: glioma malignant
(0/90, 0/90, 0/90, 3/90)

Pituitary gland: pars
distalis, adenoma (17/89,
25/90, 34/90, 13/90)

Liver: hepatocellular
adenoma or carcinoma
(combined) (0/90, 2/90,
4/89, 1/88)

0,1.5, 3, or 6 W/kg

48/90, 46/90, 50/90,
61/90

Exposed groups similar
to the sham control group

Brain: glial cell,
hyperplasia (0/90, 0/90,
1/90, 1/90)

None

Heart: schwannoma
malignant (0/90, 2/90,
0/90, 2/90)

Brain: glioma malignant
(0/90, 3/90, 0/90, 0/90)

Adrenal medulla:
benign, malignant, or
complex
pheochromocytoma
(1/86, 9/89, 5/87, 4/88)
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Summary of the 2-Year Carcinogenesis and Genetic Toxicology Studies
of GSM- and CDMA-Modulated Cell Phone RFR Exposure in Rats

15

GSM-Modulated GSM-Modulated CDMA-Modulated CDMA-Modulated
Cell Phone RFR Cell Phone RFR Cell Phone RFR Cell Phone RFR
Male Rats Female Rats Male Rats Female Rats
Level of evidence of
carcinogenic activity Clear evidence Equivocal evidence Clear evidence Equivocal evidence
Genetic toxicology
DNA damage:
GSM-modulated Negative in frontal cortex, hippocampus, cerebellum, liver, and
leukocytes (males and females)
CDMA-modulated Positive in hippocampus (males); equivocal in frontal cortex (males);

negative in hippocampus and frontal cortex (females), cerebellum,

liver, and leukocytes (males and females)

Micronucleated erythrocytes in peripheral blood in vivo:
GSM-modulated Negative in males and females
CDMA-modulated Negative in males and females
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EXPLANATION OF LEVELS OF EVIDENCE OF CARCINOGENIC ACTIVITY

The National Toxicology Program describes the results of individual experiments on a test agent and notes the strength of the evidence for
conclusions regarding each study. Negative results, in which the study animals do not have a greater incidence of neoplasia than control animals,
do not necessarily mean that a test agent is not a carcinogen, inasmuch as the experiments are conducted under a limited set of conditions.
Positive results demonstrate that a test agent is carcinogenic for laboratory animals under the conditions of the study and indicate that exposure to
the test agent has the potential for hazard to humans. Other organizations, such as the International Agency for Research on Cancer, assign a
strength of evidence for conclusions based on an examination of all available evidence, including animal studies such as those conducted by the
NTP, epidemiologic studies, and estimates of exposure. Thus, the actual determination of risk to humans from test agents found to be
carcinogenic in laboratory animals requires a wider analysis that extends beyond the purview of these studies.

Five categories of evidence of carcinogenic activity are used in the Technical Report series to summarize the strength of evidence observed in
each experiment: two categories for positive results (clear evidence and some evidence); one category for uncertain findings (equivocal
evidence); one category for no observable effects (no evidence); and one category for experiments that cannot be evaluated because of major
flaws (inadequate study). These categories of interpretative conclusions were first adopted in June 1983 and then revised on March 1986 for use
in the Technical Report series to incorporate more specifically the concept of actual weight of evidence of carcinogenic activity. For each
separate experiment (male rats, female rats, male mice, female mice), one of the following five categories is selected to describe the findings.
These categories refer to the strength of the experimental evidence and not to potency or mechanism.

. Clear evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing a dose-related (i) increase of
malignant neoplasms, (ii) increase of a combination of malignant and benign neoplasms, or (iii) marked increase of benign neoplasms
if there is an indication from this or other studies of the ability of such tumors to progress to malignancy.

. Some evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing a test agent-related increased
incidence of neoplasms (malignant, benign, or combined) in which the strength of the response is less than that required for clear
evidence.

. Equivocal evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing a marginal increase of
neoplasms that may be test agent related.

. No evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing no test agent-related increases in
malignant or benign neoplasms

. Inadequate study of carcinogenic activity is demonstrated by studies that, because of major qualitative or quantitative limitations,
cannot be interpreted as valid for showing either the presence or absence of carcinogenic activity.

For studies showing multiple test agent-related neoplastic effects that if considered individually would be assigned to different levels of evidence
categories, the following convention has been adopted to convey completely the study results. In a study with clear evidence of carcinogenic
activity at some tissue sites, other responses that alone might be deemed some evidence are indicated as “were also related” to test agent
exposure. In studies with clear or some evidence of carcinogenic activity, other responses that alone might be termed equivocal evidence are
indicated as “may have been” related to test agent exposure.

When a conclusion statement for a particular experiment is selected, consideration must be given to key factors that would extend the actual
boundary of an individual category of evidence. Such consideration should allow for incorporation of scientific experience and current
understanding of long-term carcinogenesis studies in laboratory animals, especially for those evaluations that may be on the borderline between
two adjacent levels. These considerations should include:

adequacy of the experimental design and conduct;

occurrence of common versus uncommon neoplasia;

progression (or lack thereof) from benign to malignant neoplasia as well as from preneoplastic to neoplastic lesions;

some benign neoplasms have the capacity to regress but others (of the same morphologic type) progress. At present, it is impossible
to identify the difference. Therefore, where progression is known to be a possibility, the most prudent course is to assume that benign
neoplasms of those types have the potential to become malignant;

combining benign and malignant tumor incidence known or thought to represent stages of progression in the same organ or tissue;
latency in tumor induction;

multiplicity in site-specific neoplasia;

metastases;

supporting information from proliferative lesions (hyperplasia) in the same site of neoplasia or other experiments (same lesion in
another sex or species);

presence or absence of dose relationships;

statistical significance of the observed tumor increase;

concurrent control tumor incidence as well as the historical control rate and variability for a specific neoplasm;

survival-adjusted analyses and false positive or false negative concerns;

structure-activity correlations; and

in some cases, genetic toxicology.
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NATIONAL TOXICOLOGY PROGRAM TECHNICAL REPORTS
PEER REVIEW PANEL

The members of the Peer Review Panel who evaluated the draft NTP Technical Report on GSM- and CDMA-Modulated Cell Phone RFR in rats
on March 26-28, 2018, are listed below. Panel members serve as independent scientists, not as representatives of any institution, company, or
governmental agency. In this capacity, panel members have five major responsibilities in reviewing the NTP studies:

Peer Review Panel Chair (Panels 1 and 2)

David L. Eaton, Ph.D.
University of Washington
Seattle, WA

Peer Review Panel 1
Provided consultation on the reverberation chamber exposure
system

Frank S. Barnes, Ph.D.
University of Colorado (retired)
Boulder, CO

Asimina Kiourti, Ph.D.
The Ohio State University (present for Days 1 and 2)
Columbus, OH

James Lin, Ph.D.
University of Illinois at Chicago (retired)
Chicago, IL

Peer Review Panel 2
Provided input on study findings and voted on NTP’s draft
conclusions

Rick Adler, D.V.M., Ph.D.
GlaxoSmithKline
King of Prussia, PA

Lydia Andrews-Jones, D.V.M., Ph.D.
Allergan, Inc.
Irvine, CA

to ascertain that all relevant literature data have been adequately cited and interpreted,

to determine if the design and conditions of the NTP studies were appropriate,

to ensure that the Technical Report presents the experimental results and conclusions fully and clearly,
to judge the significance of the experimental results by scientific criteria, and

to assess the evaluation of the evidence of carcinogenic activity and other observed toxic responses.

Peer Review Panel 2 (continued)

J. Mark Cline, D.V.M., Ph.D.
Wake Forest School of Medicine
Winston-Salem, NC

George B. Corcoran, Ph.D.
Wayne State University
Detroit, MI

Susan P. Felter, Ph.D.
Procter & Gamble
Cincinnati, OH

Jack R. Harkema, D.V.M., Ph.D.
Michigan State University
East Lansing, Ml

Wolfgang Kaufmann, D.V.M., Ph.D.
Merck Group (retired)
Bad Diirkheim, Germany

Tyler Malys, Ph.D.
Data Management Services
Frederick, MD

Kamala Pant, M.S.
BioReliance
Washington, DC

Matthias Rinke, D.V.M., Ph.D.
Bayer Pharma AG (retired)
Wiilfrath, Germany

Laurence Whiteley, D.V.M., Ph.D.

Pfizer
Boston, MA
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INTRODUCTION

GSM- AND CDMA-MODULATED CELL PHONE RADIO FREQUENCY RADIATION

Synonyms: Cell phone radio frequency radiation; mobile phone radio frequency radiation

OVERVIEW

All consumer cell phone devices function through the
transmission of radio waves on a cellular network. The
cellular network itself is composed of a collection of
individual “cells” that include a fixed-location trans-
ceiver (a device that transmits and receives radio signals),
also referred to as a cell tower. The collection of adjacent
smaller “cells” in the cellular network enables cell
phones and towers to use low-power transmitters, thereby
allowing for the same frequencies to be reused in non-
adjacent cells without interference. Together the individ-
ual “cells” comprise the cellular network that provides
coverage over a large geographical area. In the United
States two major nationwide cellular technologies in use
are CDMA (Code Division Multiple Access) and GSM
(Global System for Mobile Communications). While
technologies are rapidly evolving to meet consumers’
increased demand for better coverage, increased call
quality, faster data transfer rates, and increased accessi-
bility, in the context of this report, the terms CDMA and
GSM group together multiple, sometimes successive,
technologies that are implemented by the service provid-
ers that maintain the service networks. In the United
States, Sprint® and Verizon® networks use CDMA;
AT&T® and T-Mobile® use GSM.

For both the GSM and CDMA technologies, transmis-
sions occur at specific radio frequencies, which are
allocated and regulated by the Federal Communications
Commission (FCC). While the transmission of radio
signals (radiofrequency radiation) can occur at the same
frequencies for both technologies, they differ in the
method by which information is incorporated and trans-
mitted within frequency bands. In telecommunications,
these are referred to as signal modulations. Because this

process differs for CDMA and GSM, cell phones are not
interchangeable between the two network technologies
and will only function on one or the other.

The constantly evolving cellular technologies are com-
monly referred to by their successive generations (G).
The first generation (1G) devices were analogue phones,
as opposed to the digital phones of today. Digital voice
systems of the second generation (2G) replaced the ana-
logue system of 1G. At the time that these studies were
being designed, 2G technology was the primary technol-
ogy in use and 3G technologies were emerging. There-
fore, the current studies were conducted using modulated
signals that replicated the 2G and 3G technology in use
at the time. Over the course of the studies, however,
more advanced 4G technologies were developed. Cur-
rently, all of these technologies (2G, 3G, and 4G) are still
actively in use for mobile communication applications.
2G and 3G are still the basis for voice calling applica-
tions, while 3G and 4G technologies were primarily
developed to offer faster access to the internet. Some of
the 3G technology is based on 2G technology. While 2G
technology is being phased out in the United States, this
technology will remain in use in other places throughout
the world. More advanced and efficient technologies that
are currently in development and not yet deployed,
termed 5G, will utilize higher frequencies than existing
technologies.

RADIO FREQUENCY RADIATION (RFR)

MEASUREMENT AND APPLICATIONS

RFR is a form of nonionizing electromagnetic energy that
consists of propagating electromagnetic waves of oscil-
lating electric (E-) and magnetic (H-) fields that move
together at the speed of light. RF waves are characterized
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by their wavelength (the distance covered by one com-
plete cycle of the electromagnetic wave) and their fre-
quency (the number of electromagnetic waves passing a
given point in 1 second). The frequency of an RF signal
is expressed in terms of Hertz (Hz), where one Hz
is equivalent to one cycle per second. RF radiation
refers to the region of the electromagnetic spectrum
from 3 kilohertz (3 kHz) to 300 gigahertz (300 GHz)
(Figure 1). As opposed to ionizing radiation, which
contains enough energy when passing through matter to
break chemical bonds or remove an electron from an
atom or molecule to produce charged ions, nonionizing
radiation has at most sufficient energy for excitation of
an electron to a higher energy state.

The intensity of an RF field can be expressed by its elec-
tric and magnetic components and is measured in volts
per meter (VV/m) for electric fields and amperes per meter
(A/m) for magnetic fields. Another measure of RFR is
the power density, which is defined as the power per unit
area and is expressed in watts per square meter (W/m?).
The quantity used to describe the amount of RFR energy
absorbed by the body is referred to as the specific absorp-
tion rate (SAR), which is expressed in watts per kilogram
(W/kg). SAR is a function of the geometry and the
dielectric loss properties of biological tissues absorbing
the energy (which results from the interaction of electro-

magnetic radiation with constituents at the cellular and
molecular level), the square of the strength of the induced
E-field, and the mass density of the exposed tissue. The
SAR value is derived by averaging the absorbed energy
over a specific volume (typically 1 gram, 10 grams, or
the whole body for regulatory purposes).

Different applications utilize different frequency bands
within the RF portion of the electromagnetic spectrum.
RF frequencies for radio and television are in the 145 kHz
to 850 MHz range. Wireless communications and net-
working typically utilize frequencies between 800 MHz
and 6 GHz. Cell phone networks that are currently in use
(2G, 3G, and 4G) utilize frequencies in the range of
600 MHz to 5.7 GHz. In the United States, wireless tele-
communications networks and devices operate in bands
at frequencies of nominally 800 MHz, 850 MHz, or
1,900 MHz for 2G; 850 MHz, 1,700 MHz, 1,900 MHz,
or 2,100 MHz for 3G; and 600 MHz, 700 MHz,
800 MHz, 850 MHz, 1,700 MHz, 1,900 MHz,
2,100 MHz, 2,300 MHz, 2,500 MHz, 5,200 MHz, or
5,700 MHz for 4G. The next generation, i.e., the 5th
generation of wireless communications, will also utilize
the RFR spectrum above 6 GHz. Other terms are also
used in the literature for part of the RFR spectrum, e.g.,
microwaves for frequencies above 1 GHz, millimeter
waves for frequencies above 30 GHz.
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CELL PHONES AND RFR

Cell phones and other commonly used wireless commu-
nication devices are essentially two-way radios that con-
tain both a receiver and a transmitter. When a user makes
a call, voice sound is converted into digital information.
The information is imposed on to RFR and transmitted to
the nearest base station, commonly referred to as a cell
tower, that receives and transmits RF signals and forms a
bridge to the rest of the communications infrastructure.
The base station receives and transmits radio signals in
its area or “cell.” As the user moves around, the radio
signal can be relayed within the communications network
from one “cell” of coverage to another, maintaining call
connection. The call is routed through the communica-
tions network either through a landline phone or another
wireless phone again using radio signals. To conserve
energy and minimize interference, mobile phones auto-
matically regulate the RFR signal strength, and hence the
emitted field, to the lowest power level possible for a con-
nection to be made. However, in a poor transmission
environment (caused by, e.g., a distant base station, pres-
ence of obstacles between the base station and the mobile
phone, or interference from adjacent cells), there is a
higher output power and emission from the mobile phone
in order to make a connection. Therefore, the better the
connection, the lower the power output of the wireless
device.

CELL PHONE

RFR SIGNAL MODULATION

In wireless telecommunications, modulation is the pro-
cess of conveying digital or analog signals or information
(the message) by varying one or more parameters of
another signal (the carrier), typically at a much higher
frequency. The modulated carrier contains complete
information about the message signal and the original
message can be recovered by suitable signal processing
of the signal when received at a remote location (base
station). One of the main goals of the modulation used
in mass wireless communications systems is to transfer
as much data as possible in the least amount of spectrum.
Over the years, multiple modulation techniques have
emerged to achieve and improve spectral efficiency,
either when considering a single user in isolation or mul-
tiple users simultaneously using the same spectrum.

The first generation (1G) of wireless technology intro-
duced in the 1980s, used analog frequency modulation
for voice calls. This technology was replaced by second-
generation (2G) networks that were digital, provided
encryption, were significantly more efficient, and intro-
duced data services [i.e., text messages, picture mes-
sages, and Multimedia Message Service (MMS)] in

addition to voice calls. The 2G networks became com-
mercially available in 1992 and used three common
multiple access technologies for accommodating multi-
ple simultaneous users:

e  Frequency Division Multiple Access (FDMA): the
available spectrum is split into a number of distinct
parts (channels) each large enough to accommodate
a single user or call without overlap, all users utilize
their channel 100% of the time for the duration of the
call or message. The channels are normally of equal
bandwidth

e Time Division Multiple Access (TDMA): the avail-
able spectrum is allocated to a single channel, each
user or call assigned a certain portion of time

e  Code Division Multiple Access (CDMA): the avail-
able spectrum is allocated to a single channel, each
user or call is assigned a unique sequence code to
spread the message over the available spectrum. All
users use the whole of the spectrum all of the time.
At the receiver, the same unique sequence code is
used to recover the desired signal from the sum of all
the user calls.

2G systems used a combination of FDMA/TDMA for
GSM or various versions of CDMA, for example,
cdmaOne (1S-95). While the 2G technology continues to
operate, subsequent third and fourth generations of net-
work technologies were introduced in 1998 (3G), 2006
(4G), and 2011 [4G-Long Term Evolution (LTE)]. These
technologies were developed to support increased data
demands for multimedia access with increased band-
width and transfer rates to accommodate internet-based
broadband applications, including video conferencing,
streaming video, sending and receiving faxes, and down-
loading e-mail messages with attachments. With the
introduction of 3G technology, “smartphones” were
developed. With these devices, the newer technologies
were overlaid with 2G to support multiple access modes
(2G, 3G, and 4G) (Buddhikot et al., 2009). Although the
2G technologies will be phased out over time and
replaced by newer technologies, the current wireless
communication networks continue to utilize 2G for voice
and text.

All 3G systems utilize CDMA/WCDMA technology and
fall into two groups complying with the 3rd Generation
Partnership Project (3GPP) or 3GGP2 family of stand-
ards. Universal Mobile Telecommunications Service
(UMTS), Wideband Code Division Multiple Access
(WCDMA), and Time Division-Synchronous Code Divi-
sion Multiple Access (TD-SCDMA) are 3GPP variants,
CDMAZ2000 (which is based on 2G cdmaOne) is 3GPP2.
4G systems use Orthogonal Frequency Division Multi-
plexing (OFDM) within the E-UTRAS (LTE-Advanced)
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or Worldwide Interoperability for Microwave Access
(WiIMAX) standards.

Modulation Schemes (GSM and CDMA)

The Global System for Mobile Communications (origi-
nally Groupe Spécial Mobile; GSM) was developed to
establish a digital standard for compatibility throughout
Europe. GSM is a circuit-switched system that uses both
FDMA and TDMA technologies. The frequency division
mechanism divides the GSM band into 200 kHz-wide
channels. The time division mechanism enables up to
eight different time slots (voice channels) per frequency
channel wherein a single cell phone transmits in only one
out of eight available time slots during a voice communi-

cation. Thisintroduces a pulsed signal shape with a pulse
repetition rate of 217 Hz. Such a TDMA frame has a
length of 4.6 milliseconds (ms) (Figure 2), and 26 TDMA
frames make up a multiframe with a 120 ms duration
(Figure 3). During a multiframe, a mobile phone trans-
mits in 25 out of 26 possible time slots. This TDMA
frame structure causes significant low frequency ampli-
tude modulation components to be superimposed on the
RF carrier at 8.3 and 217 Hz. Furthermore, as a direct
consequence of the TDMA the peak power, and instanta-
neous SARs are 8.3 x higher than the average power and
SAR, note that the average power is the metric of
importance for SAR determination within the context of
the current safety standards.

Amplitude

Peak Power

Average Power

—| = 577us
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FIGURE 3

GSM Multiframe Showing Missing 26th Frame
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With GSM, the duplexing between uplink (when the
handset transmits to the base station) and downlink
(when the base station transmits to the handset) is imple-
mented in the frequency and time domain. Constant
frequency spacing is maintained between up and down-
link frequencies; in the United States the uplink is 1,850
to 1,910 MHz, and the downlink 1,930 to 1,990 MHz.
The uplink and downlink frequencies are chosen accord-
ing to the cell (area that is covered by a base station) into
which the mobile is registered. In order to minimize
interference between neighboring cells, a frequency
reuse policy is applied. In this approach, when a mobile
phone moves from one cell into an adjacent cell, frequen-
cies used for data uplink and downlink change in associ-
ation with this movement (i.e., transmission frequencies
change at handover from one cell to another).

CDMA technology uses a form of coded transmission
known as Direct Sequence Spread Spectrum (DSSS) in
which data are multiplied by a much faster pseudo ran-
dom code before being modulated on to the carrier. The
effect of the multiplication is to spread the message
across the whole frequency bands available for use at a
given time in a given cell, but with very specific charac-
teristics. CDMA signal access technology is based on
code division separation of mobile stations as well as
base stations. This implies differences of the signal struc-
ture compared to GSM. For example, in 1S-95 in the for-
wardlink (downlink), a set of 64 Walsh codes (which are
deterministic and orthogonal) are applied to spread/sepa-
rate the individual channels in the downlink of a cell.
After the orthogonal spreading, a short (16-bit) Pseudo
Noise code is applied to further spread the signal and
identify the cell. Hence, a separation of neighboring cells
in the frequency domain is no longer necessary, and there
is no need for the mobile station to change its transmis-
sion frequency during the transition from one cell into
another. As with GSM systems, the duplexing between
the forward and reverse links is implemented in the fre-
guency domain. In CDMA systems, an efficient power
control is crucial. Because all mobile stations transmit
and interfere in the same frequency channel, each mobile
device decreases the signal to noise ratio of all the other
mobile devices. Hence, the output power of a mobile
phone should be kept at a minimum that guarantees good
transmission quality.

IS-95, also known as cdmaOne, was developed by
Qualcomm (San Diego, CA) as the first 2G CDMA-
based digital cellular technology. The term 1S-95 gener-
ally applies to a protocol revision (P_REV=1) that was
adopted as a standard (TIA-EIA-95) by the Telecommu-
nications Industry Association (T1A) in 1995. Over time,

! https://doi.org/10.22427/NTP-VIDEO-41

subsequent iterations of the 1S-95 protocol such as
IS-95A, TSB-74, and 1S-95B were developed, each with
incremental improvements over the previous protocols.
Later, more advanced versions of the CDMA technology
have evolved to include 1S-2000, which incorporated
much higher transfer rates than the previous 2G versions.
For a further explanation of these technologies and how
the NTP exposure system was designed to reproduce
similar GSM and CDMA cell phone RFR exposures
please see the video presentation® (day 1 at 54 minutes)
by Dr. Myles Capstick (NTP, 2018a).

SOURCES, USE, AND HUMAN EXPOSURE
The predominant source of exposure to RFR for the
majority of the population is through use of telecommu-
nications and mobile internet access applications for
wireless devices, and the highest human exposure to cell
phone RFR occurs through the use of cellular phone
handsets and other wireless devices such as tablets and
laptop computers held in close proximity to the human
body. Aside from telecommunications, there are other
man-made applications of RFR, which include micro-
wave ovens, radar, industrial heating and sealing, medi-
cal diagnostics [Magnetic Resonance Imaging (MRI)]
and therapy (surgical diathermy and ablation), and
remote tracking or detection of objects [anti-theft, Radio
Frequency ldentification (RFID)]. There are also natural
sources of RFR such as atmospheric electrical discharges
(lightning) and solar and cosmic radiation. RFR expo-
sures from natural sources are much smaller and tend to
be spread over a much wider range of frequencies com-
pared to exposures to fields from man-made radiation
sources (IARC, 2013).

The use of cell phones has become widespread over the
last two decades, and concern has been expressed regard-
ing the potential health risks associated with use specifi-
cally by children. According to a Pew Research poll
(Pew, 2017), approximately 95% of adult Americans
own a cell phone. As of December 2015, the number of
active wireless subscriber connections was 377.9 million,
which exceeded the population of the United States
(CTIA, 2017). According to the same survey, 49.3% of
households in the United States utilize only a wireless
phone, and not a landline.

There has been a great deal of focus on the possibility of
increased risk of brain cancer because of the traditional
use of these devices in close proximity (0 to 2 cm) to the
head. In general (apart from the case when very close to
the antenna), the level of RFR exposure from a cell phone
is inversely proportional to the square of the distance of
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the body from the device’s antenna, resulting in the high-
est SAR levels in the parts of the body nearest to the
antenna.

Accurate and detailed measurements of RFR exposure in
humans are difficult to estimate because the output power
of wireless devices constantly varies depending on sev-
eral factors. Overall, the network carrier adjusts the out-
put power of each connected device to the lowest level
that is still compatible with a good quality signal. This
adaptive power control occurs continuously and is
achieved by a logarithmic downscaling of the time-
averaged power from the maximum of 0.125 or 0.25 W
to alevel as low as 1 mW. When in use, the output power
(and subsequent exposure to cell phone RFR) from the
device is increased compared to that in “standby” mode.
Therefore, exposures are related to the amount of active
time a user spends on the device. The output power of a
device changes based on the signal received at the base
station. Decreases in signal strength result in higher out-
put powers. Therefore, there are increases in the output
power as the distance between the device and the base
station increases, if there are physical obstacles between
the device and the base station, reflections off buildings
or other structures, and during handovers from one cell to
another in the case of GSM. The proximity of the device
to the body and the type, number, and position of anten-
nas in the device are other important factors affecting the
amount of exposure to RFR.

Potential exposure to RFR used in cell phones also occurs
from the cell phone towers that form the network. While
modern towers emit substantially more power than
devices, exposures from base station antennas are consid-
erably lower to users than from the handheld device.
Typically, base station antennas are placed at heights of
50 to 200 feet, in order to adequately cover a cell. The
antennas direct RF energy toward the horizon, with some
downward tilt. As with all forms of radiation (ionizing
and nonionizing), the RF energy level decreases rapidly
as the distance from the antenna increases. As a result,
the level of exposure to RFR at ground level is very low
compared to the level close to the antenna.

Some base station antennas are installed on rooftops and
at the top of lamp poles that are in close proximity or
adjacent to office space and residential buildings. Occu-
pational exposure can occur during maintenance of base
stations. As a result, the FCC established guidelines for
occupational exposures. Safety guidelines and regula-
tory compliance are discussed below.

The levels of RFR inside buildings with base station
antennas mounted on the roof or on the side of the build-
ing are typically much lower than the level outside,
depending on the construction materials of the building.

Wood or cement block reduces the exposure to RFR by a
factor of about 10. Due to the directional nature of the
signals, the energy level behind an antenna is orders of
magnitude lower than in front of the antenna.

Safety Guidelines for Exposure

The FCC and U.S. Food and Drug Administration (FDA)
are jointly responsible for the regulation of wireless com-
munication devices.

Federal Communications Commission

The FCC is required by its responsibilities under the
National Environmental Policy Act of 1969 to evaluate
the impact of emissions from FCC-regulated transmitters
on the quality of the human environment (42 USC §4321
et seq.). As a result, the FCC regulates both the wireless
devices as well as the base stations. Since 1996, the FCC
has required that all wireless communication devices
(transmitting in the 100 kHz to 6 GHz frequency range)
sold in the United States comply with its minimum guide-
lines for safety and maximum RFR absorption standards
based on SAR. The FCC requires a formal approval pro-
cess for all devices sold in the United States. FCC
approval is contingent on the demonstration that the
device does not exceed the maximum allowable SAR
level when the device is operating at its maximum power.
The SAR limit adopted by the FCC for exposure in the
general population is 0.08 W/kg, as averaged over the
whole body (WbSAR), and a peak spatial-average SAR
(psSAR) of 1.6 W/kg, averaged over any 1 gram of tissue
(47 CFR 81.1310) when averaged over 6 minutes.
Exceptions are made for the extremities (hands, wrists,
feet, ankles, and pinnae), where the psSAR limit is
4 W/kg, averaged over any 10 grams of tissue for an
exposure period of no longer than 30 minutes. For occu-
pational exposures, the WbSAR limit is 0.4 W/kg and the
psSAR limit is 8 W/kg, averaged over any 1 gram of tis-
sue. For the hands, wrists, feet, ankles, and pinnae, the
psSAR limit for occupational exposure is 20 W/kg, aver-
aged over any 10 grams of tissue for an exposure period
not to exceed 6 minutes.

The FCC rules and guidelines for cell phone RFR expo-
sure are based upon standards initially developed by the
Institute of Electrical and Electronics Engineers (IEEE)
and the National Council on Radiation Protection and
Measurements (NCRP). These standards for RF expo-
sure in workers and the general population are based on
protection against adverse effects that might occur due to
increases in tissue or body temperature in excess of 1° C
(WbhSAR of approximately 4 W/kg) or less (after applying
safety factors). Because RF-energy absorption and any
induced effects are dependent on the frequency of inci-
dent-field parameters and the composition of exposed tis-
sues, it has been suggested that quantifying SARS in
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small averaging regions is more relevant for evaluations
of human health effects.

Food and Drug Administration

The FDA does not currently regulate the use of wireless
communications devices or the devices themselves. The
FDA also does not require safety evaluations for radia-
tion-emitting wireless communication devices. It does
maintain the authority to take regulatory action if it is
demonstrated that exposure to the emitted cell phone
RFR from these devices is hazardous to the user.

ABSORPTION OF RFR

RFR interacts with the human body via inductive or
capacitive coupling or a combination of both. The
absorption of the coupled RFR is dependent on the fre-
quency of the signal and the dielectric properties of the
exposed tissue. It generates oscillating currents in the tis-
sue, which in turn give rise to induced E-fields. The
energy is transferred into molecular motion of polar mol-
ecules like water, a strongly dipolar molecule and major
component of biological tissues. Resonant oscillations in
polar subgroups of cellular macromolecules are damped
by collisions with surrounding water molecules that dis-
perse the energy of the RF signal into random molecular
motion. Tissue heating occurs as the energy is trans-
ferred to the surrounding aqueous environment as heat
(IARC, 2013).

ToxiciTy

A comprehensive review of the toxicity of RFR inin vitro
models, laboratory animals, and humans was conducted
and published in the International Agency for Research
on Cancer (IARC) Monograph series (IARC, 2013).

Thermal Effects

Given the ability of RFR to heat tissues, the toxic effects
of RFR are often considered due to thermal effects. The
most well-established and biologically plausible mecha-
nism for RFR-induced effects is through tissue heating.
At sufficiently high levels of RFR exposure, the absorp-
tion of energy could overwhelm an organism’s ability to
thermoregulate and maintain an acceptable body temper-
ature. Typical human exposures to RFR occur at intensi-
ties that are not anticipated to cause significant tissue
heating if handsets are used according to the manufactur-
ers’ recommendations for use, and assuming the phones
are not emitting more RFR than permitted by FCC
regulations.

Nonthermal RFR effects refer to biological changes that
occur with body temperature increases that are below
1° C. Changes of temperature up to 1° C are considered

in the range of thermal noise (IARC, 2013). There is an
ongoing debate regarding whether nonthermal biological
effects can occur as a result of exposures to low-intensity
RFR. It has been suggested that there is no plausible non-
thermal mechanism by which exposure to low-intensity
RFR could induce significant biological effects (Adair,
2003; Prohofsky, 2004; Sheppard et al., 2008). How-
ever, there are numerous reports of specific biological
effects associated with RFR exposures at levels consid-
ered below those expected to result in a measurable
amount of tissue heating. Other than tissue heating, the
mechanisms of interaction between RFR and biological
systems have not been well characterized, but several
mechanisms have been proposed, including the genera-
tion of reactive oxygen species, induction of ferromag-
netic resonance, and the alteration of ligand binding to
hydrophobic sites in receptor proteins (IARC, 2013).
Additionally, low levels of exposure to RFR may result
in small temperature changes in localized areas of
exposed tissues that cause conformational changes in
temperature-sensitive proteins and induce the expression
of heat-shock or stress-response proteins.

Experimental Animals

Toxic effects have been reported in RFR-exposed labor-
atory animals and in vitro systems (IARC, 2013; Manna
and Ghosh, 2016). Many studies investigating the poten-
tial toxicity of RFR have focused on genotoxicity and
related effects and are reviewed in the Genetic Toxicity
section. However, studies have been conducted to eval-
uate a variety of other aspects of toxicity, particularly
those potentially related to cancer development or sur-
veillance, including specific studies on gene and protein
expression, immunotoxicity, and permeability of the
blood-brain barrier. The results of these studies have not
led to a clear understanding of the interactions of RFR
with biological systems, but it’s important to note that
many of these studies were conducted with RFR of dif-
fering parameters (frequency, power density, continuous
wave versus amplitude-modulated signals, etc.).

Several effects on the humoral and cell-mediated
responses of the immune system have been reported at
various frequencies of RFR in rats and mice. These
include effects on the activity of NK cells, plaque-form-
ing cell response to sheep erythrocytes, production of
tumor necrosis factor (TNF) in peritoneal macrophages
and splenic T-cells, mitogenic response in T lympho-
cytes, phagocytic activity of neutrophils, leukocyte pro-
file, and thymic and splenic cellularity (Smialowicz
etal., 1983; Guy et al., 1985; Veyret et al., 1991,
Novoselova et al., 1999; Lushnikov et al., 2001;
Kolomytseva et al., 2002). However, many of these
effects were observed in studies conducted with RFR at
frequencies greater than 10 GHz. Other studies have
demonstrated no exposure-related effects on the immune
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system (Elekes et al., 1996; Chagnaud and Veyret, 1999;
Lushnikov et al., 2001; Gatta et al., 2003; Nasta et al.,
2006; Ohtani et al., 2015).

A few studies have investigated the impact of RFR at fre-
guencies between 800 and 1,900 MHz on gene and pro-
tein expression. Several studies have demonstrated that
RFR can alter the expression of certain genes in the brain
(Fritze et al., 1997; Belyaev et al., 2006; Nittby et al.,
2008), while others have failed to find changes in gene
expression (Stagg et al., 2001; Paparini et al., 2008;
McNamee et al., 2016). The expression of various pro-
teins has also been investigated in rats and mice. These
studies have primarily yielded negative results for the
specific proteins being evaluated in the rat brain (Fritze
et al., 1997; Belyaev et al., 2006; Ammari et al., 2008,
2010; Dasdag et al., 2009). Similarly, no effects of RFR
on protein expression have been reported in the testis
(Lee et al., 2010) or in the skin (Masuda et al., 2006;
Sanchez et al., 2006, 2008). Liu et al. (2015) reported
adverse effects on sperm following exposure for
2 hours/day to 900 MHz RFR at 0.66 W/kg for 50 days.
Changes in the expression of bone morphogenic protein
and bone morphogenic protein receptors have been
reported in the kidney of newborn rats (Pyrpasopoulou
et al., 2004). A study by Esmekaya et al. (2010) also
demonstrated increased expression and activity for
caspase 3 and caspase 9 in the thyroid gland of Wistar
rats. Ohtani et al. (2016) observed induction of expres-
sion of some heat shock protein genes in the cerebral cor-
tex and cerebellum of rats exposed to 2.14 GHz of
WCDMA RF at 4W/kg, but not in rats exposed for
3 hours, or for 3 or 6 hours to 0.4 W/kg.

Exposure to RFR induces changes in markers for oxida-
tive stress in multiple tissues, including the brain (llhan
et al., 2004; Meral et al., 2007; Ammari et al., 2008;
Sokolovic et al., 2008; Imge et al., 2010), heart (Ozguner
etal., 2005a), kidney (Oktem et al., 2005; Ozguner et al.,
2005b), eye (Ozguner et al., 2006), liver (Ozgur et al.,
2010; Tomruk et al., 2010), endometrium (Oral et al.,
2006; Guney et al., 2007), and testis and epididymis
(Mailankot etal., 2009). Yakymenko et al. (2016)
reviewed oxidative mechanisms reported in a number of
in vitro and in vivo experiments with “low intensity”
RFR. A few studies have also demonstrated RFR-
mediated effects on differentiation and apoptosis in the
endometrium (Oral et al., 2006; Guney et al., 2007) and
brain (Dasdag et al., 2009; Sonmez et al., 2010).
Changes have also been noted in the permeability of the
blood-brain barrier in some studies (Eberhardt et al.,
2008; Nittby et al., 2009, 2011). However, other studies
conducted under similar experimental conditions failed
to demonstrate any effect of RFR exposure on the perme-
ability of the blood-brain barrier (Grafstrom et al., 2008;

de Gannes et al., 2009; McQuade et al., 2009; Masuda
et al., 2009).

Humans

Numerous epidemiology studies have investigated the
association between exposure to RFR and health effects
in humans. However, many of these studies examined
small groups exposed to RFR signals with different
characteristics (frequencies, modulations, intensities,
etc.) such as microwaves, extremely low frequency
(ELF) fields, and radar rather than the specific frequency
bands and modulated RFR signals used in wireless
communication.

There is limited research investigating the general tox-
icity of RFR in humans because most of the focus has
been on the potential for carcinogenic effects. There are
reports of exposed individuals that complain of acute,
subjective effects following exposure to RFR, including
headaches, fatigue, skin itching, and sensations of heat
(Frey, 1998; Chia et al., 2000; Hocking and Westerman,
2000; Sandstrom et al., 2001; Santini et al., 2002a,b).
These have primarily been reported in people that con-
sider themselves electrosensitive. It has been suggested
that there are likely other causes, not RFR, for these sub-
jective symptoms (Kwon and Hamaélainen, 2011). Vari-
able results have been observed in the electroencephalo-
gram (EEG) of volunteers exposed to RFR during sleep.
Some studies indicate that exposure to RFR induces
changes in sleep latency and sleep EEG (Mann and
Roschke, 1996; Wagner et al., 1998, 2000; Borbély
et al.,1999; Huber et al., 2000, 2002, 2003; Loughran
et al., 2005; Hung et al., 2007; Regel et al., 2007,
Lowden et al., 2011). Glucose metabolism in the brain,
a marker for metabolic activity, is increased in the region
of the brain closest to the antenna (Volkow et al., 2011).
While these results demonstrate exposure-related effects,
the toxicologic significance of these findings is unclear.

CARCINOGENICITY

A comprehensive review of the carcinogenicity of RFR
in laboratory animals and humans was conducted and
published in the IARC Monograph series (IARC, 2013).
Additional reviews of animal cancer studies have been
published by Lin (2017), and of human studies by
Repacholi et al. (2012) and Yang et al. (2017).

Experimental Animals

Studies published to date have not demonstrated consis-
tently increased incidences of tumors at any site associ-
ated with exposure to RFR in rodents (Lin, 2017). No
increases in tumor incidences were observed in B6C3F1
mice exposed to GSM-modulated RFR for 24 months
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(Tillmann et al., 2007), F344 rats exposed to CDMA-
modulated RFR for 24 months (La Regina et al., 2003),
or Wistar rats exposed to GSM-modulated RFR for
24 months (Smith et al., 2007). In studies conducted in
transgenic and tumor-prone mouse strains, exposure to
RFR has not been consistently associated with an
increased incidence of tumors at any site (Utteridge et al.,
2002; Sommer et al., 2004, 2007; Oberto et al., 2007; Lee
et al.,, 2011). While these studies have advanced the
knowledge of the potential toxicity of RFR, critical limi-
tations in the design of many of these studies severely
limit the utility of the information to adequately evaluate
the carcinogenicity of RFR. These limitations include
studies with very short daily exposure durations
(< 2 hours per day) in heavily restrained animals or with
levels of RFR exposures too low to adequately assess car-
cinogenic potential. The focus of many of these studies
conducted in genetically altered and tumor-susceptible
mice was not to evaluate the overall carcinogenicity of
RFR, but to investigate the effects in the specific predis-
posed tissues in that model.

Based on the constraints in the designs of the existing
studies, it is difficult to definitively conclude that these
negative results adequately establish that RFR is not car-
cinogenic. To adequately evaluate the potential chronic
toxicity and carcinogenicity of RFR, further studies with
enhanced study designs and improved exposure para-
digms were needed.

Humans

As a result of the IARC review conducted in 2011, RF
electromagnetic fields were classified as possibly car-
cinogenic to humans (Group 2B). This classification was
based on limited evidence of carcinogenicity in humans
based on positive associations between exposure to RFR
from wireless phones and increased risk for gliomas and
acoustic neuromas, specifically in users with the greatest
amount of cell phone usage. The IARC Working Group
acknowledged that the findings were affected by poten-
tial selection and information bias, weakness of associa-
tions, and inconsistencies between study results (IARC,
2011).

While several other studies were considered, the IARC
evaluation was based primarily on reports from the
INTERPHONE Study, the largest research effort con-
ducted to date examining the potential association
between exposure to RFR and cancer in humans.
INTERPHONE was an IARC-coordinated research
effort that included a series of studies conducted with a
common core protocol at 16 study centers in 13 coun-
tries:  Australia, Canada, Denmark, Finland, France,
Germany, lsrael, Italy, Japan, New Zealand, Norway,
Sweden, and the United Kingdom (Cardis et al., 2007).
The studies were specifically designed to investigate the

association between RFR and tumors of the brain (glioma
and meningioma), acoustic nerve (schwannoma), and
parotid gland. The final report for the INTERPHONE
studies was published in 2011 (IARC, 2011).

The results of these studies seemingly demonstrated an
elevated risk of glioma and acoustic neuroma in the
group in the highest decile for exposure (cumulative
phone call time). However, the INTERPHONE study
group concluded that recall and selection biases and
implausible values for usage reported by the participants
in the study may explain the increased risk
(INTERPHONE Study Group, 2010, 2011).

Other studies have compared time trends in cell phone
usage and the incidences of different types of cancers to
investigate indirect evidence of an association between
RFR used in cell phones and cancer. These studies were
conducted across several different countries (Saika and
Katanoda, 2011), and in a group of European countries
(Loénn et al., 2004a; Nelson et al., 2006; Raosli et al.,
2007; Deltour et al., 2009; de Vocht et al., 2011), the
United States (Muscat et al., 2006; Propp et al., 2006;
Inskip et al., 2010), Japan (Nomura et al., 2011), New
Zealand (Cook et al., 2003), and Israel (Czerninski et al.,
2011). Overall, the evaluations suggest that there was no
significant change in the trends of cancer incidences.
Any increases in cancer rates that were observed in these
studies were attributed to enhanced detection capabilities
for cancer that were the result of advances in diagnostic
medical equipment, like computerized tomography (CT)
scans and MRI.

Several cohort studies have been conducted, but also
failed to establish a clear association between cell phone
RFR and the development of any of the investigated can-
cer types (Johansen et al., 2001; Schiz et al., 2006,
2011). Additional studies have demonstrated that there
was no association between cell phone usage and pitui-
tary gland tumors (Takebayashi et al., 2008; Schoemaker
and Swerdlow, 2009), testicular tumors (Schiiz et al.,
2006; Hardell et al., 2007a), parotid gland tumors
(Hardell et al., 2004; L6énn et al., 2006), uveal melanoma
in the eye (Schiiz et al., 2006; Stang et al., 2009), and
cutaneous melanoma (Hardell et al., 2011). Some studies
have demonstrated that there was no association between
cell phone usage and leukemia (Johansen et al., 2001;
Schiz et al., 2006) and non-Hodgkin’s lymphoma
(Hardell et al., 2005), whereas others have reported
increased risk of non-Hodgkin’s lymphoma (Linet et al.,
2006) and leukemia (Kaufman et al., 2009).

Since the 2011 IARC Working Group evaluation, few
additional epidemiological studies have examined
mobile phone use and risk of cancer. A case-control
study of children and adolescents from four European
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countries did not find an association between overall
mobile phone use with brain cancer (Aydin et al., 2011).
A pooled analysis of multiple Swedish case-control stud-
ies by Hardell, Carlberg and colleagues found a signifi-
cant increased risk of glioma and acoustic neuroma,
particularly among analog phone, ipsilateral, and long-
term or high frequency mobile phone users (Hardell
et al., 2013a,b; Hardell and Carlberg, 2013, 2015). No
increased risk of meningioma was found with overall
mobile phone use (Hardell et al., 2013a,b; Carlberg and
Hardell, 2015). Other case-control studies did not report
an increased risk of glioma (Coureau et al., 2014; Yoon
etal., 2015) or meningioma (Pettersson et al., 2014) with
regular mobile phone use; however, Coureau et al. (2014)
did find a significant increased risk of glioma and menin-
gioma with heavy mobile phone users. A prospective
cohort study of UK women did not find an association
with glioma, meningioma, or acoustic heuroma (Benson
et al., 2013, 2014).

Numerous systematic reviews of the epidemiology liter-
ature database have been conducted in addition to the
2011 IARC evaluation, with conflicting conclusions.
Available systematic reviews have found an association
between cell phone use and increased risk of brain tumors
(Hardell et al., 2013b; Prasad et al., 2017), while other
reviews did not find an association with brain tumors
(Repacholi et al., 2012; Lagorio and Rodsli, 2014).
These contrasting results have been considered possibly
due, in part, to differences in study eligibility criteria, the
number of studies included, when the review was
conducted, and how studies were evaluated (loannidis,
2018).

GENETIC TOXICITY

Extensive reviews of the literature on the genotoxicity of
various frequencies and modulations of RFR, covering
experimental systems ranging broadly from cell-free
DNA preparations to cells of exposed animals and
humans, have concluded that evidence for cell phone
RFR-associated genotoxicity is inconsistent and weak
(Brusick et al., 1998; Verschaeve et al., 2010; Repacholi
et al., 2012; Vijayalaxmi and Prihoda, 2012). Interpreta-
tions of the genotoxicity studies and the ability to draw
definitive conclusions based on weight-of-evidence from
the large number of studies that have been reported have
been hampered by inadequacies in experimental design,
especially related to exposure standards and radiation-
measuring procedures (Brusick et al., 1998). Although
the majority of studies report a lack of effect, the several
reports of a positive response are concentrated among
experiments assessing chromosomal or DNA damage in
mammalian cell systems in vitro and in vivo. Some key
studies reporting RFR-associated genotoxicity in human

cell lines, including DNA damage and chromosomal
effects, could not be replicated (Speit et al., 2007, 2013).
A critical complicating factor in the study of the geno-
toxic effects of cell phone RFR is that under certain con-
ditions, RFR is sufficiently energetic to heat cells and
tissues, and not all studies have considered this factor in
their design. Heating of cells in vivo and in vitro has
produced positive results in tests for genotoxicity, such
as the comet assay and micronucleus assay (Asanami and
Shimono, 1997; Komae et al., 1999; Speit and Schiitz,
2013). The mode of action whereby heat induces these
effects may be through induction of protein denaturation
and aggregation, which can interfere with chromatin
structure and slow the kinetics of DNA repair or interfere
with mitosis by disrupting microtubule function
(Kampinga and Dikomey, 2001; Hunt et al., 2007).
Thus, heat-induced increases in DNA migration seen in
the comet assay may reflect slowed repair of endogenous
lesions, and similarly, activity in the micronucleus assay
may be due to aneugenic rather than clastogenic events
(Asanami and Shimono, 1997; Komae et al., 1999; Speit
and Schitz, 2013). Therefore, it is important to control
thermal conditions when studying measures of genotoxi-
city following exposure to cell phone RFR.

STUDY RATIONALE

The FDA nominated cell phone RFR emissions of wire-
less communication devices for toxicology and carcino-
genicity testing. Current exposure guidelines are based
on protection from acute injury from thermal effects and
little is known about the potential for health effects from
long-term exposure to RFR below the thermal hazard
threshold. Epidemiology studies that have been con-
ducted to date have demonstrated possible, but not yet
causal links between cell phone RFR and some health
problems in humans, however the results of these studies
are complicated by confounding factors and potential
biases. Additionally, exposures in the general population
may not have occurred for a long enough period to
account for the long latency period of some types of can-
cers in humans. Similar to the challenges faced in epide-
miological studies, studies in laboratory animals have
been complicated by limitations that researchers have
faced in conducting robust studies designed to character-
ize the toxicity and carcinogenicity of cell phone RFR.

For years, the primary concern regarding the potential
health risk of chronic exposure to cell phone RFR was
brain cancer based on the proximity of wireless devices
near the head during use. While the brain is an organ of
concern, understanding the potential toxicity and car-
cinogenicity of whole-body exposure is critical. RFR is
constantly emitted from wireless devices to communicate
with base stations, regardless of whether the user is on a
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call or not. As the public has become more aware of the
uncertainty regarding the potential effects of RFR on the
brain, more emphasis has been placed on the use of wired
or wireless headsets (like Bluetooth), which minimize
RFR exposure to the head. In recent years, the density of
cell towers has increased to cope with the increasing
demand for capacity, resulting in installations closer to
residential neighborhoods and schools. Additional RFR
technologies, like SmartMeters used by power compa-
nies, transmit data in real time using RFR. These existing
and emerging technologies may potentially increase the
level of exposures in human populations. These and
other additional sources also expose different parts of the
body, not only the head.

In 2011, RFR was classified by the IARC as possibly car-
cinogenic to humans based on limited evidence of an
association between exposure to RFR from heavy wire-
less phone use and glioma and vestibular schwannoma
(acoustic neuroma) in human epidemiology studies and
limited evidence for the carcinogenicity of RFR in exper-
imental animals (IARC, 2013). While ionizing radiation
is a well-accepted human carcinogen, theoretical argu-
ments have been raised against the possibility that
nonionizing radiation could induce tumors (discussed in
IARC, 2013). Given the extremely large number of peo-

2 https://doi.org/10.22427/NTP-VIDEO-41

ple who use wireless communication devices, even a very
small increase in the incidence of disease resulting from
exposure to the RFR generated by those devices would
translate to a large number of affected individuals, which
would have broad implications for public health. Due to
the changing exposure patterns and use of cell phones by
pregnant women and women of childbearing age, RFR
exposures to the whole body, and exposures during the
perinatal period (rat studies only) were selected for inclu-
sion in these studies.

In the current studies, male and female Hsd:Sprague
Dawley SD rats were exposed to GSM or CDMA RFR at
900 MHz in utero, during lactation, and after weaning for
9 hours and 10 minutes per day for five or seven days per
week, over the course of 18 hours and 20 minutes in
10 minutes on and 10 minutes off intervals for 28 days or
2 years. Exposures were 0 (sham control), 3, 6, or
9 W/kg in the 28-day studies and 0 (sham control), 1.5,
3, or 6 W/kg in the 2-year studies for each modulation.
Exposure energy levels were selected based on pilot stud-
ies of body temperature changes from these RFR power
levels reported in Wyde et al. (2018). The selection of
900 MHz for the frequency for the rat studies was based
on dosimetry studies by Gong et al. (2017) and the
video?, day 1 a.m. at 2 hours, 37 minutes (NTP, 2018a).
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MATERIALS AND METHODS

OVERVIEW

The establishment of the National Toxicology Program
(NTP) research program on radio frequency radiation
(RFR) has required the coordination of expertise from
multiple scientific and engineering disciplines. At the
initiation of the RFR research program, a collaboration
was established with technical experts from the Radio-
Frequency Fields Group in the Radio Frequency (RF)
Technology Division, which is part of the Communica-
tions Technology Laboratory (CTL) at the National Insti-
tute of Standards and Technology (NIST, Boulder, CO).
NIST evaluated the existing exposure systems and iden-
tified the types of improvements that would be required
to provide a system of sufficient size and power to con-
duct robust toxicology and carcinogenicity studies with
uniform RFR exposures in unrestrained, individually
housed animals for a minimum of 6 hours a day at fre-
quencies and modulations that reflected those in use at
the time. The design of the chambers and toxicology
studies required special consideration of logistical, finan-
cial, and engineering limitations.

NIST tested the feasibility of a reverberation chamber-
type exposure system by conducting a series of studies

on field strengths, field uniformity, and power require-
ments under various conditions of RFR exposure in such
chambers. These studies provided critical information
for the design of experimental studies with respect to the
number of cages that could be placed in specific size
chambers, the arrangement of cages within each cham-
ber, and the input power requirements.

Concurrent with the collaboration with NIST, the NTP
also worked with the Foundation for Research on Infor-
mation Technologies in Society (IT’IS, Zurich, Switzer-
land), which conducted studies using computational
models that simulated RFR dosimetry to provide esti-
mates of whole-body and organ-specific internal field
strengths and specific absorption rates (SARs) during
exposure. Based on information and parameters obtained
during the NIST feasibility studies, IT’IS built a proto-
type reverberation chamber as the basis for an exposure
system to study health effects of long-term exposure of
laboratory animals. Following completion, NIST evalu-
ated the prototype exposure chamber to determine if it
met the requirements specified by the NTP.

Institution

Role

National Institute of Standards and Technology (NIST)
(Boulder, CO)

IT’IS Foundation
(Zurich, Switzerland)

IIT Research Institute (IITRI)
(Chicago, IL)

Suggested reverberation chamber exposure system
Conducted feasibility studies for reverberation chambers
Established various technical parameters for chambers
Evaluated the prototype chamber built by IT°1S Foundation
Validated the system prior to the conduct of studies at I TRI
Reevaluated RFR exposures prior to and after 2-year studies

Constructed and tested prototype chamber

Refined technical parameters

Built the chambers for the NTP exposure facility

Installed chambers at 1ITRI

Monitored system performance throughout all phases of the studies
Conducted maintenance on exposure system hardware and software

Tested exposure system after installation

Conducted maintenance of exposure system hardware
Conducted all toxicology and carcinogenicity studies
Conducted day-to-day operations
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After prototype-testing by IT’IS Foundation and NIST,
the IT’IS Foundation built the reverberation chambers
required for the NTP RFR exposure facility. Chambers
were installed at the Illinois Institute of Technology (11T)
Research Institute (1ITRI, Chicago, IL). Following the
installation and initial testing of the exposure system by
IT’IS and IITRI, technical experts from NIST conducted
an independent validation of the system. NIST con-
firmed that the probe readings in the system were con-
sistent, that field uniformity was within expected specifi-
cations, and that the signal quality was acceptable. NIST
performed additional evaluations prior to initiation of the
2-year studies and after completion of the studies to
determine if any changes occurred in the signal quality,
field uniformity, or consistency of in-chamber field
measurements. All studies were conducted at II TRI with
real-time monitoring of the system performance at IT’1S
Foundation.

REVERBERATION CHAMBER METHOD

OF EXPOSURE

The use of the reverberation exposure chamber as a
method for exposing rats and mice to cell phone RFR was
conceptualized by the NIST and further designed and
tested by NIST and the IT’IS Foundation. A reverbera-
tion chamber is a resonant box where the resonances and
field structure are continuously modified under the influ-
ence of metallic stirrers, introduced to change the effec-
tive geometry, such that when averaged over time, the
field strength is uniform over the entire exposure volume.
A reverberation chamber exposure system was chosen
for the NTP for the primary benefit that controlled expo-
sures can be achieved in unrestrained animals (rats and
mice) with extended daily RFR exposure periods com-
pared to other methods of exposure for up to 2 years.

Preliminary studies were first conducted at the NIST to
test the concept of reverberation chambers. In these stud-
ies, field strengths and field uniformity were measured
under various conditions of RFR exposure, including an
empty chamber and a chamber loaded with water bottles
(simulating animals) at different locations in the cham-
ber. Power requirements were evaluated to achieve
desired SAR levels. The effects of proximity between
water bottles were also investigated to avoid electromag-
netic coupling. These studies provided critical infor-
mation for the design of experimental studies with
respect to the number of cages that could be placed in
specific size chambers, the arrangement of cages within
each chamber, and the input power requirements. The
results of these investigations demonstrated that while
variations occurred over time and space the average RFR
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field was uniform over the large volume of the chamber.
These studies also demonstrated that RFR field exposure
occurred from all directions and all polarizations, and
that there was uniformity of SAR in reverberation cham-
bers. Based on the information and parameters obtained
during the NIST feasibility studies, a custom-built proto-
type reverberation chamber was constructed and tested
by the IT’IS Foundation. The development of the proto-
type chamber involved the design of amplifiers and
antennas for signal generation, the design of vertical and
horizontal stirrers to improve the homogeneity of exper-
imentally generated RF fields, the development of both
hardware and software for the control and monitoring of
experimentally generated RF signals and testing of cham-
ber performance. During the design of the prototype
exposure chamber, engineering studies were performed
to optimize the following prior to construction:

e The uniform field volume within each chamber to
minimize spatial variability in the characteristics of
generated RF fields within a chamber such that all
animals housed within the chamber space were
exposed to comparable RF field strengths

e The design and placement of stirrers in each cham-
ber in order to maximize homogeneity of experimen-
tally generated RF fields

e The design and location of RF antennas in each
chamber

e The location of cage racks within the exposure
chamber in order to provide appropriate separation
of individual animal cages and cage racks from all
reflective surfaces (chamber walls, chamber floor
and ceiling, antennas, and stirrers) in the reverbera-
tion chamber

e  Chamber volume to provide adequate space for staff
to observe animals, collect data, and perform routine
animal husbandry operations, while minimizing
overall chamber volume to minimize the chamber
size/footprint and the RF power required to maintain
target SARs

The final reverberation chamber design for use in these
studies was a fully shielded room constructed of stainless
steel, equipped with a shielded room door to eliminate
leakage of RFR signals, two rotating stirrers (one hori-
zontal and one vertical), ventilation structures, and RFR
excitation antennas. A detailed rationale for the selection
of reverberation chambers for exposure to RFR and a full
description of the exposure system are provided in
Capstick etal. (2017) and Gong etal. (2017) and in a
video® (day 1 a.m. at 54 minutes) on the NTP website
(NTP, 2018a).


https://doi.org/10.22427/NTP-VIDEO-41

GSM- and CDMA-Modulated Cell Phone RFR, NTP TR 595 33

As part of the validation of the reverberation chamber
exposure system design, a team of engineers from NIST
conducted an independent evaluation of chamber design
and exposure system operation in order to evaluate the
suitability of the reverberation chamber model for use in
the program. NIST engineers evaluated the design and
operation of the prototype chamber and performed an
extensive series of RF measurements to support an eval-
uation of system performance. Further information on
the exposure verification is found in the video* (day 1
p.m. at 0 minutes) by John Ladbury (NTP, 2018a).

RFR EXPOSURE FACILITY

The exposure facility was specifically designed to expose
rats in reverberation chambers to three different power
levels of modulated cell phone RFR [Global System for
Mobile Communications (GSM) or Code Division Mul-
tiple Access (CDMA)] at 900 MHz for up to 2 years to
evaluate toxicity and carcinogenicity. The completed
exposure facility consisted of a total of 21 RFR reverber-
ation exposure chambers (14 designated for rats); the
RFR signal generation, amplification, and monitoring
systems; software for chamber operation; and hardware
and software for monitoring of environmental and expo-
sure conditions within each chamber. All system hard-
ware and software was installed by the IT’IS Foundation.

During exposures, modulated (GSM or CDMA) RFR sig-
nals were generated by a signal generator, amplifiers
amplified the signals, and the signals were delivered by
antennas in the reverberation chambers. RFR field
strengths were monitored in real time and were adjusted
throughout the studies to achieve specific exposure levels
[based on SARs quantitated in watts (W) per kg body
weight]. Environmental conditions were also monitored
and controlled in real time throughout the study. RFR
exposures and environmental conditions were monitored
and controlled by a computer in a control room at the
study laboratory at 1ITRI; the IT’IS Foundation was also
capable of remote system monitoring and control.

Facility Design

and Reverberation Chambers

Each reverberation chamber was permanently pro-
grammed for a specified modulation (GSM or CDMA) of
the 900 MHz RFR specified for the rat studies. Desig-
nated SARs for each chamber were selected prior to
exposures. The field strength required to achieve a given
target SAR (W/kg) exposure level is a function of animal
body weight (kg) and were adjusted to provide consistent
SARs as the animals grew. However, separate chambers
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were required for male and female rats because their body
weights differ by almost a factor of two after a few weeks
of development. To conduct robust toxicology studies
with three exposure groups (low, medium, and high), six
chambers were required for different levels of exposures
for GSM modulation and six for CDMA modulation.
Two sham exposure chambers without any cell phone
RFR signal provided shared control groups for the paral-
lel studies of the two modulations. As per these require-
ments, the cell phone RFR exposure facility consisted of
14 reverberation chambers for exposures in rats
including:

e Three power levels for Fo females and Fi; males
exposed to GSM-modulated cell phone RFR at
900 MHz

e  Three power levels for F; females exposed to GSM-
modulated cell phone RFR at 900 MHz

e Three power levels for Fo females and Fi males
exposed to CDMA-modulated cell phone RFR at
900 MHz

e Three power levels for F; females exposed to
CDMA-modulated cell phone RFR at 900 MHz

e  One sham control chamber for Fo females and F1
males with no RFR exposure

e One sham control chamber for F; females with no
RFR exposure

The chamber size was designed to accommodate the RF
field stirring paddles (described below), approximately
110 individually housed rats, and a minimum distance
(3/4 of a wavelength) between the cages and the walls,
floor, ceiling and stirrers, respectively. The interior of
the chamber was suitable for cleaning using high-pres-
sure water (after the RF antennas were protected). The
internal dimensions of the chambers were 2.2 m (width)
x 3.7 m (length) x 2.6 m (height); the exterior dimensions
were 2.3 m (width) x 3.8 m (length) x 2.85 m (height).
A floorplan for the exposure facility and images of the
interior and exterior of the chambers are presented in
Figures 4 and 5.

Each chamber contained two motor-controlled stirring
paddles (one vertical and one horizontal) with adjustable
speed control (1 to 50 rpm) and large asymmetrical
reflecting surfaces. Stirring paddles were placed off cen-
ter in the chamber for maximum scattering of the RFR
fields to generate a statistically homogeneous field distri-
bution when averaged over time. The horizontal stirrer
was mounted on the ceiling of the chamber. The vertical
stirrer was at the rear of the chamber, and was protected
by rack guides that prevented contact with the animal
cage racks.
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FIGURE 5
Exterior View of Chambers, Empty Chamber Showing the Vertical and Horizontal Stirrers,
and Chamber with Cage Racks in Place
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Cage Racks and Watering System

Cages, cage racks, and watering systems for standard
laboratory use contain elements that have the ability to
alter the exposure of the animals or introduce potential
confounding factors. Because cage racks and the drinking
water delivery system were contained inside the chambers
during exposure periods, it was required that these compo-
nents be constructed of durable materials that had essen-
tially no impact on the RF fields generated in the chamber.
Metallic cage rack components, cage lids, feed dispensers,
and cage grommets all needed to be eliminated. Hence,
custom engineering was required to overcome the chal-
lenges regarding potential RFR exposure-altering aspects
of the caging and cage racks used to house the animals dur-
ing the studies. The safe provision of drinking water pro-
vided the largest challenge for the studies.

The absorption of RFR energy by water if supplied by
nonmetallic sipper tubes and distribution systems or
bottles, could lead to dose-dependent elevated water tem-
peratures. At the same time, the potential for enhanced
exposure fields by metallic sipper tubes or lixits pre-
cluded the use of water bottles or a standard automatic
watering system in the reverberation chambers. The
absorption of RFR energy by water could result in signif-
icant heating of the drinking water, thereby decreasing
water palatability, and increasing the required RFR
power to achieve the desired exposure field strength,
potentially to the extent that the exposure levels could not
be met. To overcome theses challenges, adaptations were
made to an automatic watering system so that the deliv-
ery of drinking water to the animals would not interfere
with RFR dosimetry. The water system was constructed
from stainless steel ensuring no dose-dependent energy
absorption in the water (avoiding exposure-dependent
water temperature) and in structures around the lixits to
ensure no enhanced fields that could lead to excessive
SAR in the animals while drinking.

Customized, nonmetallic animal cage racks for the
reverberation chambers were designed by IITRI to mini-
mize any absorption of RFR or disruption of RF field
homogeneity. Cage racks were constructed primarily of
box beam fiberglass (with some angle beam fiberglass
used in nonweight-bearing areas of the rack). The
shelves/cage lids were constructed of a clear poly-
carbonate sheet with slots for increased airflow. The
potential impact of the racks on RF fields was evaluated
in the prototype reverberation chamber by the IT’IS
Foundation. Cage racks were designed to accommodate
the automatic watering system and position the perimeter
of each animal cage at least one-half wavelength from
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any reflecting surface. The specific considerations for
design and further details of the custom-designed cage
racks and adapted automated watering system are
provided in Capstick et al. (2017) and in the video
presentation® by Dr. Myles Capstick (NTP, 2018a).

RFR Exposure System Control

The hardware and chambers designated for rats (using an
exposure frequency of 900 MHz) were connected to a
dedicated computer control system using an Ethernet
protocol. The computerized control system managed and
monitored the RFR exposures and environmental condi-
tions in the chambers. A more detailed description of the
computer control of RFR exposure is provided in
Capstick et al. (2017).

The control computer managed the exposure schedule,
stirrer rotation speeds, exposure signal and level, and
monitored air flow, temperature, humidity, light, and the
electric and magnetic fields (E- and H-fields, respec-
tively) in each chamber. The hardware for the exposure
system consisted of the control computer and a rack con-
taining communications interfaces and instrumentation
for signal generation, data acquisition, signal monitoring,
signal amplifiers, and the chamber hardware (which
included the stirrer motors and environmental and RFR
sensors). The instrumentation rack contained the equip-
ment that generated the RFR signal, acquired RFR field
strengths and environmental data, and provided an inter-
face between the components and the control computer.

RFR SIGNAL GENERATION

GSM-modulated and CDMA-modulated cell phone RFR
signals were generated experimentally via a SMI1Q02B
vector signal generator with options SMIQB11 and
SMIQB20 and software options 100421 - 100423
(Rohde and Schwarz, Munich, Germany). Signals were
amplified using 12 LSE™ amplifiers (LSE, Spanga,
Sweden) in the exposure system. The outputs of each
individual amplifier were set by real-time controllers on
a slot-by-slot basis for GSM or CDMA modulation to
control the E-field strength in each chamber. Each cham-
ber contained at least one standard gain antenna (two
half-wave dipoles) that was mounted a quarter of a wave-
length in front of a reflector plate. Antennas were
directed towards one of the two stirrers to maximize scat-
tering and obtain acceptable E-field homogeneity within
the chamber space. The computerized control system
managed the exposure schedule, stirrer rotation speeds,
and exposure signal type and level.
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The RFR power introduced into a given chamber was
adjusted to achieve target field strengths: to maintain
constant exposure levels (W/kg) in a given chamber, the
field strengths [measured in volts (V) per meter] were
regularly adjusted to reflect changes in the average mass
of the exposed animals. The relationship between animal
mass, field strength, and SAR was determined from
numerical dosimetry and programmed into the control
software, hence the required exposure field strength was
computed from the average animal weights entered for
each exposure group. The interval at which animal
weights were updated was determined on how rapidly the
animals were growing, at the start of the exposure period
this was once per week, and as long as up to every
4 weeks later in the studies.

VERIFICATION OF RFR EXPOSURE

Prior to initiation of the animal studies, the RF Fields
Group in the Communications Technology Laboratory at
the NIST performed an independent, detailed evaluation
of each of the reverberation chambers (excluding the
sham control chambers; Figure 4) to verify the RFR
exposure fields, chamber characteristics (field unifor-
mity), and signal quality to determine the accuracy of
field values reported by the developers of the exposure
system (IT’IS Foundation). This information provided in
the video® (day 1 p.m. at 0 minutes) by John Ladbury
(NTP, 2018a). Full reports detailing the procedures for
measurements and calculations are available from the
NTP. NIST performed two additional detailed evalua-
tions: 1) in the interim period between completion of the
28-day studies and prior to initiation of the 2-year studies,
and 2) following completion of the 2-year studies.

All E-field measurements were within the estimated
uncertainty bounds, indicating that the chamber fields
measured by the NIST agreed with the measurements
provided by the IT’IS Foundation probes. During vali-
dation, it was determined that the H-field probes at higher
signal levels in the mid- and high-power GSM chambers
reported higher fields than indicated by other measure-
ments, potentially leading to a modest overestimation of
chamber field strengths. In these chambers, H-field
probes were replaced with E-field probes, which pro-
vided more accurate measurements of the RF fields. The
magnitude of field variation throughout the volume of a
fully loaded chamber was consistent with earlier values
reported for the prototype chamber. However, it was
determined that there may have been up to + 2.5 dB of
variation in the exposure field depending on location in
the cage racks. To mitigate this positional variation,
cages were routinely rotated to various locations within
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and between the cage racks. The quality of the modulated
signals was found to be acceptable with regard to distor-
tion and harmonic content.

Overall, NIST confirmed that the RFR reverberation
chamber exposure system was operating correctly and
RFR exposures were within specifications.

RFR EXPOSURE MONITORING

During all exposure periods, experimentally generated
RFR was continuously monitored by the control system
via two RF sensors (E- and/or H-field probes) in each
exposure chamber that measured real-time signal
strengths. The use of two probes provided two independ-
ent measurements of RF field strengths and ensured that
appropriate quantitation of experimentally generated RF
fields continued even in the unlikely event that one probe
failed. The E-field sensor measured electric field
strength (V/m). The H-field sensor measured magnetic
field strength [measured in amperes (A) per meter]. All
chambers were instrumented either with one E-field sen-
sor (ER3DV6) and one H-field sensor (H3DV6) [both
from Schmid and Partner Engineering AG (SPEAG),
Zurich, Switzerland], except for the medium and high
power GSM chambers. These chambers were instru-
mented with two E-field probes because H-field probes
saturated at high field strengths. This change in hardware
did not result in the loss of monitoring capability. The
measured E- and H-fields were communicated to the con-
trol computer in order to maintain exposure to selected
levels of RFR. During daily shutdown periods when
RFR exposures were not active, RF sensors monitored
ambient RF fields in the exposure chambers. RF sensors
were calibrated twice by the manufacturer (SPEAG);
once prior to initiation of any of the animal studies and
once prior to initiation of the 2-year studies. All E-field
probes were calibrated in air from 100 MHz to 3.0 GHz,
and had an absolute accuracy of + 6.0% (k=2) with a
spherical isotropy of better than + 0.4 dB. All H-field
probes were calibrated in air from 200 MHz to 3.0 GHz
and had an absolute accuracy of + 6.0% (k=2) with a
spherical isotropy of better than + 0.2 dB. Placement of
probes within the chambers is discussed in the video’
(day 1 a.m. at 1 hours, 31 minutes) (NTP, 2018a).

Data collected by the RF sensors were transmitted to the
exposure and monitoring system on a real-time basis and
were recorded throughout the studies. Chamber field
strengths are reported as V/m and animal exposure levels
(SAR values) are reported as W/kg. The chamber field
strength is the average effective E-field strength from
both probes. E- and H-field strengths are related by the
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impedance of free space which is ~377 Ohms. Where an
H-field probe was used, the value in A/m was multiplied
by 377 to calculate the equivalent E-field strength in
V/m; it is this effective E-field value that was used to
report the chamber field strength. Field strength data
reported for each day of exposure included mean + stand-
ard deviation, minimum field strength, maximum field
strength, total number of readings in range/total number
of readings for the period, and percentage of readings in
range. After each exposure day, RFR exposure data were
downloaded onto DVDs for long-term archival. Sum-
maries of the 2-year RFR exposure data from the studies
are presented in Appendix I. The SAR and chamber-
fields in the exposure chambers were within the target
ranges (defined as + 2 dB) for >99.97% of recorded
measurements over the course of the 2-year study;
>99.25% of recorded E-field and H-field measurements
were within the target ranges. All recorded broadband
field measurements (<40 MHz to >6 GHz) were below
the limit of detection of the probes within the sham cham-
ber showing that there was no significant confounding
exposure. In the 28-day studies, the performance of the
sham control and exposure chambers was similar for
SAR and field measurements as in the 2-year studies
(data not shown).

As previously stated, the performance of the RFR expo-
sure and monitoring system was independently validated
by engineers from the NIST prior to the initiation of the
animal studies.

MONITORING AND MAINTENANCE

OF ENVIRONMENTAL CONDITIONS

Environmental conditions including temperature, humid-
ity, and airflow in all exposure chambers, as well as in
other areas of the IITRI RFR exposure facility, were
maintained by a computer-controlled environmental
management system (Siemens Industries, Inc.). Monitor-
ing instrumentation for each chamber was located in the
air exhaust duct. Each chamber was fitted by the IT’IS
Foundation with a sensor box that contained sensors for
temperature and humidity (Type EEQ6; E + E Elektronik
GmbH, Engerwitzdorf, Austria), oxygen level (Pewatron
Type FCX-MC25; Zurich, Switzerland), air speed
(model EE65A; E + E Elektronik GmbH), light
(light-dependent resistor), noise (design based on WL-93
microphone; Shure Brothers, Inc., Evanston, IL), and
RFR. Outputs from the sensor box were monitored using
Agilent data acquisition units, with the exception of the
RF sensor. The RF sensor was directly wired to a warn-
ing light as a safety precaution to indicate active RFR
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exposures and not intended to quantitatively measure
RFR field strengths.

Exposure chambers were equipped with incandescent
lights located on light bars in each corner of the chamber.
All connections were RF-filtered. Chamber lighting was
controlled using an adjustable daily cycle of 12 hours on,
12 hours off. In order to minimize the heat load gener-
ated by the incandescent lights, low wattage bulbs were
used that maintained chamber lighting within a range that
was sufficient to support normal in vivo operations, while
minimally affecting chamber temperature. Further dis-
cussion of chamber lighting is found in the video® (day 1
a.m. at 1 hours, 27 minutes) (NTP, 2018a).

Differences in noise levels in the exposure chambers that
resulted from the heating, ventilation, and air conditioning
system were equalized by the installation of sound baffles
in various ducts within the system. An audible signal gen-
erated by the high intensity GSM signal was detected and
equalized in all chambers by the introduction of a “pink
noise” masking sound; this masking noise equalized sound
levels in all chambers. As a result of the combination of
these efforts, noise levels in all chambers were essentially
equivalent at approximately 62 dBA and met the NC-35
noise specification. The noise criterion (NC) is a widely
accepted numerical index commonly used to define the
maximum allowable noise. It primarily applies to the
noise produced by ventilation systems, but is applied to
other noise sources, as well. Standards organizations, such
as the American National Standards Institute (ANSI),
Acoustical Society of American (ASA), and International
Standards Organization, provide definitions of various
NCs for ambient noise in enclosed spaces. The
ANSI/ASA standard (S12.2-2008) recommends NCs for
various types of rooms, including private residences (NC
25-40), schools (NC 25-35), offices (NC 25-40), libraries
(NC 30-35), and restaurants (NC 40-45). For further dis-
cussion of noise control in these studies see the video®
(day 1 a.m. at 2 hours, 0 minutes) (NTP, 2018a).

ANIMAL SOURCE

Time-mated (Fo) female Hsd:Sprague Dawley SD rats
were obtained from Harlan Laboratories, Inc. (now
Envigo, Indianapolis, IN), for use in the 28-day and
2-year studies.

ANIMAL WELFARE
Animal care and use are in accordance with the Public
Health Service Policy on Humane Care and Use of
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Animals.  All animal studies were conducted in an
animal facility accredited by AAALAC International.
Studies were approved by the IITRI Animal Care and
Use Committee and conducted in accordance with all
relevant NIH and NTP animal care and use policies
and applicable federal, state, and local regulations and
guidelines.

28-Day Studies

The 28-day studies were conducted to evaluate the cumu-
lative effects of repeated GSM- or CDMA-modulated
cell phone RFR exposure and to determine the appropri-
ate RFR power levels to be used in the 2-year studies.
The exposure levels in these studies were selected based
on the findings of minimal increases in body temperature
observed in 5-day studies at exposures up to 12 W/kg
RFR (Wyde et al., 2018). Beginning gestation day (GD)
6, separate groups of Fo female rats were housed in rever-
beration chambers and received whole-body exposures to
GSM- or CDMA-modulated cell phone RFR at power
levels of 0 (sham control), 3, 6, or 9 W/kg, for 9 hours
and 10 minutes per day for 5 or 7 days per week with
continuous cycling of 10 minutes on and 10 minutes off
during a period of 18 hours and 20 minutes each day. The
sham control animals were housed in reverberation
chambers identical to those used for the exposed groups,
but they were not exposed to RFR; shared groups of
unexposed rats served as sham controls for both RFR
modulations.

In order to evaluate potential toxicity that arises from
in utero and early postnatal exposure, these developmen-
tal windows were included in the cell phone RFR studies
in rats. Fo female rats were approximately 11 to 14 weeks
old upon receipt. GD 1 was defined as day with evidence
of mating, and F, females were received on GD 2 and
held in quarantine until GD 5. Animals were randomly
assigned to GSM or CDMA exposure groups (20 Fo
females/RFR power level per modulation) with a single
group of 20 Fo females serving as the sham control group
for both the GSM and CDMA modulations. Randomiza-
tion was based on body weights that produced a similar
group mean value (ToxData, version 2.1.E.11, PDS
Pathology Data Systems, Inc., Basel, Switzerland).

In 10 Fo females per group, subcutaneously implanted
temperature microchips and monitoring equipment (Bio
Medic Data Systems, Seaford, DE) were used to monitor
individual animal body temperatures. Body temperature
measurements were taken prior to initial exposure
(GD 6) and on GDs 7, 11, and 16 and postnatal days

(PND) 1, 4, 7, and 14 within 3.5 (GDs) or 2 (PNDs) min-
utes of exposure pauses at the end of the second to the
last “on” cycle.

Fo females were housed individually during gestation and
with their respective litters during lactation. During ges-
tation, Fo females were weighed on GDs 6, 9, 12, 15, 18,
and 21. During lactation, Fo females were weighed on
PNDs 1, 4, 7, 14, 17, and 21 and individual F; pup
weights were recorded on PNDs 4, 7, 14, 17,and 21. The
day of parturition was considered PND 0. From GD 20
to 25, Fo females were observed twice daily for parturi-
tion. All Fo females that did not deliver within 3 to 4 days
of the anticipated delivery date were euthanized and the
uteruses were examined for uterine implantations/
resorptions. On the day after parturition (PND 1), the
number of live and dead F1 pups, sex ratio, whole litter
weights, and litter weights/sex were recorded.

F4 litters were standardized on PND 4 to eight pups/litter,
preferably with four males and four females each to
equalize lactational pressure on Fo females. Litters that
did not meet a minimum of eight pups were removed
from the study. For continuation of exposure after wean-
ing, three males and three females per litter from 10 F;
litters were randomly selected per exposure group.
Weaning occurred on PND 21. Pups not selected and all
Fo females were euthanized with 100% carbon dioxide
without necropsy. Weaning marked the beginning of the
28-day prechronic phase of the study.

Groups of 10 male and 10 female F; rats were housed in
the same reverberation chambers and continued to
receive whole-body exposures to GSM- or CDMA-
modulated RFR at the same power levels for 9 hours and
10 minutes per day for 5 or 7 (last week of study) days
per week for at least 28 days, with continuous cycling of
10 minutes on and 10 minutes off during a period of
18 hours and 20 minutes each day.

The health of the animals was monitored during the
studies according to the protocols of the NTP Sentinel
Animal Program (Appendix K). All test results were
negative.

Animals were observed twice daily and weighed weekly.
Clinical findings were recorded weekly. Subcutaneously
implanted temperature microchips and monitoring equip-
ment (Bio Medic Data Systems, Seaford, DE) were used
to monitor individual animal body temperatures. Body
temperature measurements were taken on day 8 after
microchip implantation and on days 16, 20, and 27 within
5 minutes of exposure pauses at the end of the second to
the last “on” cycle.
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Rats were housed individually. Feed and water were
available ad libitum. To avoid interference with RFR
dosimetry, feed was provided in glass (nonmetallic) jars
and water was delivered in an adapted automatic water-
ing system. Cages were changed weekly and rotated
within the racks weekly; racks were changed biweekly.
Further details of animal maintenance are given in
Table 1. Information on feed composition and con-
taminants is provided in Appendix J.

Necropsies were performed on all F; rats on PND 29 or
30. Organs weighed were the right adrenal gland, brain,
heart, right kidney, liver, lung, right testis, and thymus.
Tissues for microscopic examination were fixed and pre-
served in 10% neutral buffered formalin (except eyes,
testis with epididymis, and vaginal tunics were first fixed
in Davidson’s solution or modified Davidson’s solution),
processed and trimmed, embedded in paraffin, sectioned
to a thickness of 4 to 6 um, and stained with hematoxylin
and eosin. Complete histopathologic examinations were
performed by the study laboratory pathologist on all 0
(sham control) and 9 W/kg GSM- and 9 W/kg CDMA-
modulated cell phone RFR core study F; rats. Table 1
lists the tissues and organs examined.

The laboratory reports and selected histopathology slides
were reviewed by a quality assessment pathologist
(QAP). Any inconsistencies in the diagnoses made by
the study laboratory and QA pathologists were resolved
by the NTP pathology peer review (PPR). A pathology
peer review typically consists of a small group (three to
eight) pathologists who examine the lesions around a
multiheaded microscope. It is frequently used to review
lesions in short-term studies, issues of terminology, or
examine single issues that have arisen during a pathology
working group (PWG - see below). Final diagnoses for
reviewed lesions represent a consensus of the PPR or a
consensus between the study laboratory pathologist (SP),
NTP pathologist, and QAP. Details of these review pro-
cedures have been described, in part, by Maronpot and
Boorman (1982) and Boorman et al. (1985).

A further discussion of pathology review procedures is
found in the video® (day 2 a.m. at 1 hours, 0 minutes)
(NTP, 2018a).

2-YEAR STUDIES

Study Design

Beginning on GD 5, groups of Fo female rats were housed
in reverberation chambers and received whole-body
exposures to GSM- or CDMA-modulated cell phone
RFR at power levels of 0 (sham control), 1.5, 3, or
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6 W/kg, for 9 hours and 10 minutes per day for 7 days per
week with continuous cycling of 10 minutes on and
10 minutes off during a period of 18 hours and
20 minutes each day. The sham control animals were
housed in reverberation chambers identical to those used
for the exposed groups but were not exposed to RFR;
shared groups of unexposed rats served as sham controls
for both RFR modulations.

Fo female rats were approximately 11 to 14 weeks old
upon receipt. GD 1 was defined as day with evidence of
mating, and Fo females were received on GD 2 and held
in quarantine until GD 4. Animals were randomly
assigned to GSM or CDMA exposure groups (56 Fo
females/cell phone RFR power level per modulation)
with a single group of 56 Fo females serving as the sham
control group for both the GSM and CDMA modulations.
Randomization was stratified by body weight that pro-
duced similar group mean weights (ToxData, version 3.0,
PDS Pathology Data Systems, Inc., Basel, Switzerland).

Fo females were housed individually during gestation and
with their respective litters during lactation. During ges-
tation, Fo females were weighed on GDs 6, 9, 12, 15, 18,
and 21. During lactation, Fo females were weighed on
PNDs 1, 4, 7, 14, 17, and 21 and individual F; pup
weights were recorded on PNDs 4, 7, 14, 17,and 21. The
day of parturition was considered PND 0. All time-mated
females that did not deliver within 3 to 4 days of the
anticipated delivery date were euthanized and the
uteruses were stained for uterine implantations/
resorptions. On the day after parturition (PND 1), the
number of live and dead F1 pups, sex ratio, whole litter
weights, and litter weights/sex were recorded.

F1 litters were standardized on PND 4 to eight pups/litter,
preferably with four males and four females each to
equalize lactational pressure on Fo females. Litters that
did not meet a minimum of eight pups were removed
from the study. For continuation of exposure after wean-
ing, three males and three females per litter from 35 F;
litters were randomly selected per exposure group.
Weaning occurred over PND 21 and 22 and F; rats were
housed individually. Pups not selected and the Fqo
females were euthanized with 100% carbon dioxide with-
out necropsy. Weaning marked the beginning of the
2-year chronic phase of the study.

Groups of 105 male and 105 female F; rats were housed
in reverberation chambers and continued to receive
whole-body exposures to GSM- or CDMA-modulated
cell phone RFR at the same power levels for 9 hours and
10 minutes per day for 7 days per week for 106 to
107 weeks, with continuous cycling of 10 minutes on and
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10 minutes off during a period of 18 hours and 20 minutes
each day. At 14 weeks, 10 rats per group were randomly
selected for interim evaluation and five were designated
for genetic toxicity evaluation.

The health of the animals was monitored during the
studies according to the protocols of the NTP Sentinel
Animal Program (Appendix K). All test results were
negative.

Feed and water were available ad libitum. To avoid inter-
ference with RFR dosimetry, feed was provided in
ceramic (nonmetallic) bowls and water was delivered in
an adapted automatic watering system (see video®, day 1
a.m. at 2 hours, 5 minutes) (Capstick et al., 2017; NTP,
2018a). Cages were changed weekly and rotated within
the racks biweekly; racks were changed biweekly. Fur-
ther details of animal maintenance are given in Table 1.
Information on feed composition and contaminants is
provided in Appendix J.

Clinical Examinations and Pathology
Animals were observed twice daily and were weighed
initially, twice a week for the first 13 weeks, and at
4-week intervals from weeks 14 to 86, and then every
2 weeks from week 90 until the end of the studies. Clin-
ical observations were recorded once during quarantine
and at least every 4 weeks during the studies.

Blood was collected from 10 male and 10 female interim
evaluation rats from each group at 14 weeks. Rats were
anesthetized with 70% CO2/30% O, and blood was
collected from the retroorbital plexus. Blood for hema-
tology was placed in tubes containing serum separator
gel. Hematology parameters were determined on an
ADVIA™ 120 automated hematology analyzer (Bayer
Diagnostic Division, Tarrytown, NY), except manual
hematocrit determinations were performed using a
microcentrifuge.  Wright Giemsa stained peripheral
blood smears were prepared for the assessment of plate-
let, leukocyte and erythrocyte morphology and enumera-
tion of any nucleated erythrocytes. Samples for clinical
chemistry were centrifuged, the serum harvested, and
parameters measured using a Synchron LX20 (Beckman
Coulter, Indianapolis, IN) analyzer. The hematology and
clinical chemistry parameters measured are listed in
Table 1. Blood was collected from the remaining five
male and five female interim evaluation rats per exposure
group at 14 weeks for use in the comet and micronucleus
assays; methods for these assays are presented in
Appendix E.

At 14 weeks, samples were collected for sperm motility
and count and vaginal cytology evaluations on 10 male
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and 10 female interim evaluation rats from each group.
The parameters evaluated are listed in Table 1. For
16 consecutive days prior to scheduled euthanasia, the
vaginal vaults of the females were moistened with saline,
if necessary, and samples of vaginal fluid and cells were
stained. However, due to inconsistent sample collection
and slide staining, an assessment of estrous cyclicity
could not be made. Male animals were evaluated for
sperm count and motility. The left testis and left epi-
didymis were isolated and weighed. The tail of the epi-
didymis (cauda epididymis) was then removed from the
epididymal body (corpus epididymis) and weighed.
Modified Tyrode’s buffer was applied to slides and a
small incision was made at the distal border of the cauda
epididymis. The sperm effluxing from the incision were
dispersed in the buffer on the slides, and the numbers of
motile and nonmotile spermatozoa were counted for five
fields per slide by two observers. Following completion
of sperm motility estimates, each left cauda epididymis
was placed in buffered saline solution. Caudae were
finely minced, and the tissue was incubated in the saline
solution and then heat fixed at 65° C. Sperm density was
then determined microscopically with the aid of a hema-
cytometer. To quantify spermatogenesis, the testicular
spermatid head count was determined by removing the
tunica albuginea and homogenizing the left testis in
phosphate-buffered saline containing 10% dimethyl sul-
foxide. Homogenization-resistant spermatid nuclei were
counted with a hemacytometer.

A complete necropsy was conducted on every animal at
study termination. For the 14-week interim evaluation
rats, the cerebellum, frontal cortex, hippocampus, and
liver were collected from five male and five female rats
per exposure group for use in the comet assay; methods
for this assay are presented in Appendix E. Microscopic
examinations were performed on 10 male and 10 female
interim evaluation rats in each group at 14 weeks and all
core study rats, including those found dead or euthanized
moribund. At the interim evaluation, the brain, right and
left epididymides, heart, right and left kidneys, liver,
lung, right and left ovaries, right and left testes, and
thymus were weighed. At necropsy, all organs and
tissues were examined for grossly visible lesions, and all
major tissues were fixed and preserved in 10% neutral
buffered formalin (except eyes, testes, vaginal tunics, and
epididymides were first fixed in Davidson’s solution or a
modified Davidson’s solution), processed and trimmed,
embedded in paraffin, sectioned to a thickness of 4 to
6 um, and stained with hematoxylin and eosin for micro-
scopic examination. For all paired organs (e.g., adrenal
gland, kidney, ovary), samples from each organ were
examined. Tissues examined microscopically are listed
in Table 1.
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Microscopic evaluations were completed by the study
laboratory pathologist, and the pathology data were
entered into the Toxicology Data Management System
Enterprise. The report, slides, paraffin blocks, residual
wet tissues, and pathology data were sent to the NTP
Archives for inventory and NTP PPR. All data and
materials are available for review upon request from the
NTP Archives.

NTP PATHOLOGY REVIEW PROCESS

Typically, the initial reading of the slides and the first
steps of the pathology review are done by an open, or
non-blinded, evaluation by the pathologists involved.
This is standard practice for the NTP, as well as the toxi-
cologic pathology industry as a whole, and is in accord-
ance with the recommendations of the Society of Toxico-
logic Pathologists (Weinberger, 1979; Prasse et al., 1986;
Society of Toxicologic Pathology, 1986; latropoulos,
1988; Crissman et al., 2004; Neef et al., 2012). If issues
arise where subtle lesions need to be identified or graded
by a blinded evaluation, the pathologist will perform this.

The primary goals of the NTP pathology review are to
reach consensus agreement on the diagnosis of all poten-
tially treatment-related findings, confirm the diagnoses
of all neoplasms, confirm that consistent and acceptable
nomenclature is being used, and confirm the diagnosis of
any unusual lesions. There are several elements in this
process:

Pathology Data Review (PDR) is a complete review of
the pathology data generated by the study laboratory to
identify potential target organs and discrepant data and to
harmonize terminology. The review involves a multi-
disciplinary meeting by the NTP staff and pathology
support-contract pathologists to determine the organs and
lesions to be reviewed by the quality assessment pathol-
ogist (QAP), including all neoplasms.

Audit of Pathology Specimens (APS) is a review of the
physical data and residual wet tissues (typically from
10% of the animals) to ensure all gross lesions were eval-
uated microscopically; of the slides and blocks (typically
from 10% of the animals) to ensure correct labeling and
quality of sections; and of the submitted reports to ensure
accuracy. Also evaluated is whether or not the study
laboratory adhered to NTP pathology specifications.

Quality Assessment is a review of the slides of target
organs and lesions identified in the PDR by a pathologist
from one of the NTP’s pathology support contract labor-
atories not involved with the initial pathology evaluation
of the study. All differences in diagnoses between the

study pathologist (SP) and QAP are identified in the
Differences Report prepared by the QAP. The NTP
pathologist attempts to resolve the discrepant diagnoses
between the SP and QAP; those that are not resolved are
reviewed by the pathology working group (PWG).

Pathology Working Group is a review of selected slides
by a panel of pathologists in order to confirm the diagno-
ses of all treatment-related neoplastic and nonneoplastic
lesions and unusual lesions, resolve discrepancies
between the SP, QAP, and NTP pathologist, harmonize
nomenclature, propose further characterization of the
lesions, and address possible mechanisms. The QAP,
with oversight from the NTP pathologist, selects slides
for the PWG and conducts the PWG. Typically, experts
in a particular organ of interest are invited to participate.

Pathology Peer Review is a peer review meeting that con-
venes to resolve minor issues or issues limited in scope
(such as review of short-term studies with limited find-
ings), or review findings of post-PWG actions. Reports
are prepared for all these activities. Once the PWG and/or
PPR is complete, all written documentation of data
changes is reviewed for accuracy and the study data are
updated. The pathology data and all written documenta-
tion of data changes are then submitted to an outside inde-
pendent auditor to ensure the accuracy of the updated data.
Once all issues identified by the independent auditor have
been addressed, the final pathology data tables are gener-
ated. For subsequent analyses of the pathology data, the
decision of whether to evaluate the diagnosed lesions for
each tissue type separately or combined was generally
based on the guidelines of Brix et al. (2010).

Pathology Review

of Cell Phone RFR Studies in Rats

The pathology data presented in this report on cell phone
RFR were subjected to a rigorous review process. All
elements of the NTP review process were performed, but
the sequence of events was altered. Identification of
increased incidences of lesions in the brain and heart of
male rats in the original study laboratory report warranted
a more immediate review than would occur in the stand-
ard NTP review process. Malignant glioma of the brain
and schwannomas have been observed in human studies,
so the observation of an apparent increase in these same
lesions in the rat study prompted the need for an expe-
dited review given the magnitude of human exposure to
cell phone RFR and therefore the need to communicate
this information to our regulatory partners and the public
as soon as possible. Data for the brain and heart were
reported to the U.S. Food and Drug Administration and
Federal Communications Commission and published in
a partial report (Wyde et al., 2016).
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For this expedited review, an APS (APS 1) was per-
formed on the hearts and brains. This entailed reviewing
the residual wet tissues to ensure all gross lesions were
trimmed and processed to slide, reviewing the slides and
blocks to ensure quality, and reviewing the data tables.
For the expedited review, a QA review was done on all
lesions in the central and peripheral nervous systems, all
proliferative lesions from the heart, and all schwannomas
in other organs. The QAPs, with oversight from the NTP
pathologist, selected lesions for PWG review. These
lesions were reviewed in several PWGs. Four separate
PWGs were held for the brains and hearts. The first PWG
(PWG 1), held on January 29, 2016, evaluated the prolif-
erative glial lesions and some reactive glial lesions in the
brain, some additional nonneoplastic brain lesions, and
schwannomas and Schwann cell hyperplasias in the
heart. The second PWG (PWG 2) evaluated schwan-
nomas in the head and neck region and nonglial prolifer-
ative lesions in the brain (e.g., granular cell tumors and

meningiomas). Due to the volume of slides to be
reviewed, PWG 2 was conducted over four sessions
(February 11, February 12, March 23, and April 11,
2016). Due to the need for definitive criteria for glial cell
and Schwann cell hyperplasia, two additional PWGs
composed of experts in neuropathology and cardiovas-
cular pathology, respectively, from around the country
were convened. The first (PWG 3) reviewed glial lesions
in the brain and was held on February 25, 2016. The sec-
ond (PWG 4), held on March 3, 2016, reviewed cardiac
lesions and schwannomas in organs other than the heart
and head and neck region. Subsequent to the release of
NTP’s Report of Partial Findings (Wyde et al., 2016), the
remaining tissues were reviewed. After the Report of
Partial Findings, the remaining tissues, and the nonpro-
liferative lesions in the heart, were reviewed (including
PWGs 5 and 6). These tissues were subjected to the
standard NTP pathology review process as described
earlier.
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TABLE 1
Experimental Design and Materials and Methods in the Whole-Body Exposure Studies
of GSM- and CDMA-Modulated Cell Phone RFR

28-Day Studies

2-Year Studies

Study Laboratory
IIT Research Institute (Chicago, IL)

Strain and Species
Sprague Dawley (Hsd:Sprague Dawley SD) rats

Animal Source
Harlan Laboratories, Inc. (Indianapolis, IN)

Time Held Before Studies
4 days (Fo females)

Average Age When Studies Began
13 to 16 weeks (Fo females)

Date of First Exposure
November 1, 2010 (F, females)
December 9, 2010 (F; rats)

Duration of Exposure

9 hours and 10 minutes per day, over an 18 hour and 20 minute
period as exposures cycled between modulations every 10 minutes,
7 days per week for perinatal phase and last week of prechronic
phase, and 5 days per week otherwise

Date of Last Exposure
December 9, 2010 (F, females)
January 6-7, 2011 (F, groups)

Necropsy Dates
January 6-7, 2011 (F; groups)

Age at Necropsy
7 to 8 weeks

Size of Study Groups
Fo females: 20 per exposure group
F1 rats: 10 males and 10 females

Method of Distribution
Animals were distributed randomly into groups of approximately
equal initial mean body weights.

Animals per Cage
1 except during lactation when pups were housed with nursing dams

Method of Animal Identification
Fo females: Tail marking with permanent pen
F, rats: Tail tattoo

Same as 28-day studies

Same as 28-day studies

Same as 28-day studies

3 days (Fo females)

12 to 15 weeks (Fo females)

August 8, 2012 (F, females)
September 16, 2012 (F, rats)

9 hours and 10 minutes per day, over an 18 hour and 20 minute
period as exposures cycled between modulations every 10 minutes,
7 days per week for 14 weeks (interim evaluation) or 106 (males) or
107 (females) weeks (2-year studies)

September 16, 2012 (F, females)

December 18 and 20 (males) or 17 and 20 (females), 2012
(interim evaluation)

September 15-22 (males) or 22-30 (females), 2014 (chronic study)

December 18 and 20 (males) or 17 and 20 (females), 2012
(interim evaluation)
September 15-22 (males) or 22-30 (females), 2014 (chronic study)

Interim: 17 weeks
Study termination: 108 to 109 weeks (males) or 109 to 110 weeks
(females)

Fo females: 56 per exposure group

F, core study: 90 males and 90 females

F1 interim evaluation: 10 males and 10 females
F1 genetic toxicity: five males and five females

Same as 28-day studies

Same as 28-day studies

Same as 28-day studies
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TABLE 1

Experimental Design and Materials and Methods in the Whole-Body Exposure Studies

of GSM- and CDMA-Modulated Cell Phone RFR

28-Day Studies

2-Year Studies

Diet

Irradiated NIH-07 rodent wafer diet (perinatal phase) or irradiated
NTP-2000 rodent wafer diet (prechronic phase) (Zeigler Brothers,
Inc., Gardners, PA), available ad libitum, glass jars changed weekly

Water

Tap water (Chicago municipal supply) via an adapted automatic
watering system (SE Lab Group, Cincinnati, OH), available

ad libitum

Cages
Solid polycarbonate (Allentown Caging, Allentown, NJ), changed
and rotated weekly, except rotated every 2 weeks during parturition

Bedding
Certified, irradiated hardwood bedding (P.J. Murphy Forest Products
Corp., Montville, NJ), changed weekly

Racks
Custom-designed fiberglass cage racks (Ultra, Inc., Milwaukee, WI),
changed every 2 weeks

Reverberation Chambers

Fully-shielded, stainless steel room equipped with a stainless steel
door to eliminate leakage of RFR signals, RFR excitation antennas,
and two rotating stirrers; chambers were cleaned at least once
weekly.

Reverberation Chamber Environment
Temperature: 72°+3°F

Relative humidity: 50% * 15%

Room incandescent light: 12 hours/day
Chamber air changes: at least 10/hour

Exposure Concentrations
Time-averaged whole-body SARs of 0 (sham control), 3, 6, and
9 W/kg GSM- or CDMA-modulated cell phone RFR

Type and Frequency of Observation

Fo females: Observed twice daily. Body temperature was measured
on GD 6 and within 3.5 minutes of exposure pauses at the end of the
second to last “on” cycle on GDs 7, 11, and 16. Body temperature
during lactation was measured within 2 minutes of exposure pauses
at the end of the second to last “on” cycle on PNDs 1, 4, 7, and 14.
Animals were weighed on GDs 6, 9, 12, 15, 18, and 21, and PNDs 1,
4,7,14,and 21. Clinical findings were recorded weekly.

F, rats: Observed twice daily. Body temperature was measured on
day 8 and within 5 minutes of exposure pauses at the end of the
second to last “on” cycle on study days 16, 20, and 27. Animals
were weighed during the perinatal phase on PND 1 (litter weights by
sex), 4, 7, 14, and 21 and weekly during the prechronic phase.
Clinical findings were recorded weekly.

Same as 28-day studies, except ceramic bowls

Same as 28-day studies

Same as 28-day studies

Same as 28-day studies

Same as 28-day studies

Same as 28-day studies

Same as 28-day studies

Time-averaged whole-body SARs of 0 (sham control), 1.5, 3, and
6 W/kg GSM- or CDMA-modulated cell phone RFR

Fo females: Observed twice daily; animals were weighed on GDs 6,
9,12, 15, 18,and 21, and on PNDs 1, 4, 7, 14, and 21. Clinical
findings were recorded on GD 6 through PND 21.

F, rats: Observed twice daily; during perinatal phase, number, sex,
and viability status were determined on PND 1. Animals were
weighed on PNDs 1 (litter weights by sex), 4, 7, 14, 17, and 21.
During the chronic phase, animals were weighed on day 1, twice a
week through week 13, at 4-week intervals during weeks 14 to 86,
and then every 2 weeks from week 90 until the end of the studies.
Clinical findings were recorded at 4-week intervals.
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TABLE 1

Experimental Design and Materials and Methods in the Whole-Body Exposure Studies

of GSM- and CDMA-Modulated Cell Phone RFR

28-Day Studies

2-Year Studies

Method of Euthanasia
Carbon dioxide asphyxiation

Necropsy

Necropsies were performed on all rats. Organs weighed were the
right adrenal gland, brain, heart, right kidney, liver, lung, right testis,
and thymus.

Clinical Pathology
None

Histopathology

Complete histopathology was performed on all 0 (sham control) and
9 W/kg groups. In addition to gross lesions and tissue masses, the
following tissues were examined: adrenal gland, aorta, bone with
marrow, brain, clitoral gland, epididymis, esophagus, eyes, Harderian
gland, heart, large intestine (cecum, colon, rectum), small intestine
(duodenum, jejunum, ileum), kidney, liver, lung, lymph nodes
(mandibular and mesenteric), mammary gland, nose, ovary, pancreas,
parathyroid gland, pituitary gland, preputial gland, prostate gland,
salivary gland, seminal vesicle, skin, spleen, stomach (forestomach
and glandular), testis, thymus, thyroid gland, trachea, urinary
bladder, and uterus.

Sperm Motility and Count and Vaginal Cytology
None

Same as 28-day studies

Necropsies were performed on all rats. Organs weighed in 10 rats
per exposure group at 14 weeks were the brain, heart, kidney (left
and right), liver, lung, ovary (left and right), testis (left and right)
with epididymis (left and right), and thymus

Blood was collected from the retroorbital sinus of 10 rats per group
at 14 weeks for hematology and clinical chemistry.

Hematology: hematocrit (auto and manual); hemoglobin
concentration; erythrocyte, reticulocyte, nucleated erythrocyte, and
platelet counts; mean cell volume; mean cell hemoglobin; mean cell
hemoglobin concentration; and leukocyte count and differentials.
Clinical chemistry: urea nitrogen, creatinine, glucose, total protein,
albumin, cholesterol, triglycerides, alanine aminotransferase, alkaline
phosphatase, creatine kinase, sorbitol dehydrogenase, and bile acid.

Complete histopathology was performed on 10 F, rats from each
exposure group at 14 weeks, on all rats that died early, and on all rats
surviving to the end of the studies. In addition to gross lesions and
tissue masses, the following tissues were examined: adrenal gland,
aorta, bone with marrow, brain, clitoral gland, esophagus, eyes,
Harderian gland, heart, large intestine (cecum, colon, rectum), small
intestine (duodenum, jejunum, ileum), kidney, liver, lung with
bronchi, lymph nodes (mandibular and mesenteric), mammary gland,
muscle, nerve (sciatic, trigeminal, and peripheral), nose, ovary,
pancreas, parathyroid gland, pituitary gland, preputial gland, prostate
gland, salivary gland, seminal vesicle, skin, spinal cord, spleen,
stomach (forestomach and glandular), testis with epididymis, thymus,
thyroid gland, trachea, urinary bladder, and uterus.

Spermatid and sperm samples were collected from 10 male rats in
each group at 14 weeks. The following parameters were evaluated:
spermatid heads per testis and per gram testis, sperm motility, and
sperm per cauda epididymis and per gram cauda epididymis. The
left cauda, left epididymis, and left testis were weighed. Vaginal
samples were collected from 10 females in each group for 16 days
prior to the 14-week interim evaluation.
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STATISTICAL METHODS

P values less than 0.05 were considered statistically sig-
nificant. Statistical significance is one component of the
“weight of evidence” of carcinogenic activity described
on page 16 of this Technical Report.

Survival Analyses

The probability of survival was estimated by the product-
limit procedure of Kaplan and Meier (1958) and is pre-
sented in the form of graphs. Animals found dead of
other than natural causes or missing were censored; ani-
mals dying from natural causes were not censored. Sta-
tistical analyses for possible dose-related effects on sur-
vival used Cox’s (1972) method for testing two groups
for equality and Tarone’s (1975) life table test to identify
dose-related trends. All reported P values for the survival
analyses are two sided.

Calculation of Incidence

The incidences of neoplasms or nonneoplastic lesions are
presented in Tables Al, A4, B1, B4, C1, C4, D1, and D4
as the numbers of animals bearing such lesions at a spe-
cific anatomic site and the numbers of animals with that
site examined microscopically. For calculation of statis-
tical significance, the incidences of most neoplasms
(Tables A2, B2, C2, and D2) and all nonneoplastic
lesions are given as the numbers of animals affected at
each site examined microscopically. However, when
macroscopic examination was required to detect neo-
plasms in certain tissues (e.g., mesentery, pleura, periph-
eral nerve, skeletal muscle, tongue, tooth, and Zymbal’s
gland) before microscopic evaluation, the denominators
consist of the number of animals that had a gross abnor-
mality. When neoplasms had multiple potential sites of
occurrence (e.g., leukemia or lymphoma), the denom-
inators consist of the number of animals on which a nec-
ropsy was performed. Tables A2, B2, C2, and D2 also
give the survival-adjusted neoplasm rate for each group
and each site-specific neoplasm. This survival-adjusted
rate (based on the Poly-3 method described below)
accounts for differential mortality by assigning a reduced
risk of neoplasm, proportional to the third power of the
fraction of time on study that it survived, only to site-
specific, lesion-free animals that do not reach terminal
euthanasia.

Analysis of Neoplasm

and Nonneoplastic Lesion Incidences

Statistical analyses of neoplasm and nonneoplastic lesion
incidences took into account two features of the data.
Some animals did not survive the entire 2 years of the
study, so survival differences between groups had to be
taken into account. Also, up to three animals per sex
were randomly selected from each litter to participate in
the study. The statistical analysis of lesion incidences

used the Poly-3 test to account for survival differences,
with a Rao-Scott adjustment for litter effects, as
described below.

The Poly-k test (Bailer and Portier, 1988; Portier and
Bailer, 1989; Piegorsch and Bailer, 1997) was used to
assess neoplasm and nonneoplastic lesion prevalence.
This test is a survival-adjusted quantal-response proce-
dure that modifies the Cochran-Armitage linear trend test
to take survival differences into account. More specifi-
cally, this method modifies the denominator in the quan-
tal estimate of lesion incidence to approximate more
closely the total number of animal years at risk. For anal-
ysis of a given site, each animal is assigned a risk weight.
This value is one if the animal had a lesion at that site or
if it survived until terminal euthanasia; if the animal died
prior to terminal euthanasia and did not have a lesion at
that site, its risk weight is the fraction of the entire study
time that it survived, raised to the kth power.

This method yields a lesion prevalence rate that depends
only upon the choice of a shape parameter for a Weibull
hazard function describing cumulative lesion incidence
over time (Bailer and Portier, 1988). Unless otherwise
specified, a value of k=3 was used in the analysis of site-
specific lesions. This value was recommended by Bailer
and Portier (1988) following an evaluation of neoplasm
onset time distributions for a variety of site-specific neo-
plasms in control F344 rats and B6C3F; mice (Portier
et al., 1986). Bailer and Portier (1988) showed that the
Poly-3 test gave valid results if the true value of k was
anywhere in the range from 1 to 5. A further advantage
of the Poly-3 method is that it does not require lesion
lethality assumptions. Variation introduced by the use of
risk weights, which reflect differential mortality, was
accommodated by adjusting the variance of the Poly-3
statistic as recommended by Bieler and Williams (1993).
Poly-3 tests used the continuity correction described by
Nam (1987).

Because up to three pups per sex per litter were in the
core study and in the 28-day study, the Poly-3 test was
modified to accommodate litter effects using the Rao-
Scott approach (Rao and Scott, 1992). Litter effects arise
when littermates are more similar to each other than they
are to animals from other litters. If intra-litter correla-
tions are present but ignored in the statistical analysis, the
variance of the data will be underestimated, leading to
P values that are too small. The Rao-Scott approach
accounts for litter effects by estimating the ratio of the
variance in the presence of litter effects to the variance in
the absence of litter effects. This ratio is then used to
adjust the sample size downward to yield the estimated
variance in the presence of litter effects. The Rao-Scott
approach was implemented in the Poly-3 test as recom-
mended by Fung et al. (1994), formula Trs..
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Tests of significance included pairwise comparisons of
each dosed group with controls and a test for an overall
dose-related trend.  Continuity-corrected Rao-Scott-
adjusted Poly-3 tests were used in the analysis of lesion
incidence, and reported P values are one sided. The sig-
nificance of lower incidences or decreasing trends in
lesions is represented as 1-P with the letter N added (e.g.,
P=0.99 is presented as P=0.01N). For neoplasms and
nonneoplastic lesions observed without litter structure
(e.g., at the interim evaluation), Poly-3 tests that included
the continuity correction, but without adjustment for
potential litter effects, was used for trend and pairwise
comparisons to the control group.

To evaluate litter incidences, the proportions of litters
affected by each lesion type were tested among groups.
Cochran-Armitage trend tests and Fisher exact tests (Gart
et al., 1979) were used to test for trends and pairwise
differences from the control group, respectively.

The statistical analysis of brain gliomas and heart
schwannomas reported in the NTP’s Report of Partial
Findings (Wyde et al., 2016) differed from those pre-
sented here. In the previously reported analyses, only gli-
omas of the brain and schwannomas of the heart were
analyzed. Because these are rare tumors and did not
occur in more than one animal per litter and because
effective statistical methods for litter effect adjustments
had not been programmed at that point, Poly-3 and
Poly-6 tests were used without adjustment for potential
litter effects. The rarity of the tumors and the fact that no
litter had more than one animal with the tumors indicated
that the adjustment for litter effects would be negligible.

Analysis of Continuous Variables

Two approaches were employed to assess the signifi-
cance of pairwise comparisons between dosed and con-
trol groups in the analysis of continuous variables. In the
28-day and 2-year studies, pup organ and body weight
data, and body temperatures, which historically have
approximately normal distributions, were analyzed with
mixed effects linear models, for trend and pairwise tests
with a Dunnett (1955)-Hsu (1992) adjustment, where lit-
ters were the random effect. Body temperatures for dams
in all studies were analyzed using the parametric multiple
comparison procedures of Dunnett (1955) and Williams
(1971, 1972). At the 14-week interim evaluations in the
2-year studies, hematology, clinical chemistry, sperma-
tid, and epididymal spermatozoal data, which have typi-
cally skewed distributions, were analyzed using the non-
parametric multiple comparison methods of Shirley
(1977) (as modified by Williams, 1986) and Dunn
(1964). Litter sizes, pup survival, implantations, number
of resorptions, and proportions of male pups per litter for
all studies were also analyzed using these nonparametric
methods. For all quantitative endpoints unafffected by

litter structure, Jonckheere’s test (Jonckheere, 1954) was
used to assess the significance of the dose-related trends
and to determine at the 0.01 level of significance, whether
a trend-sensitive test (Williams® or Shirley’s test) was
more appropriate for pairwise comparisons than a test
that does not assume a monotonic dose-related trend
(Dunnett’s or Dunn’s test). Prior to statistical analysis,
extreme values identified by the outlier test of Dixon and
Massey (1957), for small samples (n<20), and Tukey’s
outer fences method (Tukey, 1977), for large samples
(n>20), were examined by NTP personnel, and implausi-
ble values were eliminated from the analysis.

Post-weaning body weights were measured on three pups
per sex per litter in the 2-year study and up to three pups
per sex per litter in the 28-day study (with a total of
10 animals per dose group). More than three pups per
sex per litter were possible in pre-weaning body weight
measurements. The analyses of pup body weights and
body weights adjusted for litter size (described below) of
these animals took litter effects into account by use of
mixed effects regression, where litters were the random
effects. Dam body weights, dam body weights adjusted
for litter size during gestation, as well as dam body
weights during lactation were analyzed with the para-
metric multiple comparison procedures of Dunnett
(1955) and Williams (1971, 1972), depending on whether
Jonckheere’s test indicated the use of a trend-sensitive
test.

P values for these analyses are two sided.

Analysis of Gestational and Fertility Indices
Significances of trends in gestational and fertility indices
across dose groups was tested using Cochran-Armitage
trend tests. Pairwise comparisons of each dosed group
with the control group were conducted using the Fisher
exact test. P values for these analyses are two sided.

Body Weight Adjustments

Adjusted dam body weights and adjusted pup body
weights were calculated to account for litter size. Dam
weights measured during gestation were adjusted for
litter size using gestational-day-specific analyses of vari-
ance on dam weight as a function of litter size and dose.
Dam body weights were adjusted to the overall mean
PND 1 total litter size of all groups under analysis, com-
bined, and the residuals from the analyses of covariance
were added back in to retain the original variances. Pre-
weaning pup body weights were adjusted for PND 1 live
litter size using the same analysis of covariance
approach, with the additional random effect of litter
added to the models to account for litter effects.
Although the same sham control group was used to ana-
lyze GSM and CDMA exposed groups, adjusted body
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weights for the sham control group differ between GSM
and CDMA because the overall mean PND 1 live litter
size differs between the GSM and CDMA analyses.
Post-weaning pup body weights were adjusted using a
random effect of litter to account for litter effects without
accounting for overall mean PND 1 litter size.

Historical Control Data

The historical control Hsd:Sprague Dawley SD rat data
used in the current studies are limited to data obtained
from three recent finalized studies and differ from the his-
torical control data provided in NTP’s Report of Partial
Findings (Wyde et al., 2016). When the NTP’s Report
of Partial Findings was released very limited data were
available describing the prevalence of glial and Schwann
cell lesions in Harlan Sprague Dawley rats in NTP stud-
ies. Consequently, an effort was made to review control
groups from as many comparable studies as possible
regardless of whether they had been subjected to peer
review.

In NTP’s Report of Partial Findings, control groups of
male Harlan Sprague Dawley rats from the cell phone
RFR studies and nine (for brain) and 12 (for heart) other
recently completed NTP studies were tabulated to
increase the sample size of rats from which control rates
of malignant gliomas of the brain or schwannoma of the
heart could be determined. For evaluation of the heart
lesions, the 12 studies included black cohosh, resveratrol,
sodium tungstate dehydrate, tris(chloroisopropyl) phos-
phate, indole-3-carbinol, perfluorooctanoic acid, dietary
zinc, p-chloro-a,a,a-trifluorotoluene, dibutyl phthalate,
2-hydroxy-4-methoxy-benzophenone, and diethylhexyl
phthalate (2 studies). Three fewer studies were available
for evaluation of brain lesions than for the evaluation of
heart lesions because of a recent change by the NTP to
increase the standard number of examined sections from
three to seven. Because the sectioning in these three stud-
ies differed, the studies with three brain sections (indole-
3-carbinol, perfluorooctanoic acid, and dietary zinc) were
excluded from evaluation of brain lesions. For studies in
which the in-life portion was completed, but the final
pathology data were not yet available, special reviews of
the control rat brains for malignant gliomas and hearts for
schwannomas were performed.

QUALITY ASSURANCE METHODS

The 28-day and 2-year studies were conducted in
compliance with Food and Drug Administration Good
Laboratory Practice Regulations (21 CFR, Part 58). In
addition, the 28-day and 2-year study reports were
audited retrospectively by an outside independent QA
contractor against study records submitted to the NTP
Archives. Separate audits covered completeness and

accuracy of the pathology data, pathology specimens,
final pathology tables, and a draft of this NTP Technical
Report. Audit procedures and findings are presented in
the reports and are on file at NIEHS. The audit findings
were reviewed and assessed by NTP staff, and all com-
ments were resolved or otherwise addressed during the
preparation of this Technical Report.

GENETIC TOXICOLOGY

The genetic toxicity of GSM- and CDMA-modulated cell
phone RFR was assessed by measuring the frequency of
micronucleated erythrocytes in peripheral blood and
DNA damage in five different tissues of male and female
rats following 14 weeks of exposure. Micronuclei (liter-
ally “small nuclei” or Howell-Jolly bodies) are
biomarkers of induced structural or numerical chromo-
somal alterations and are formed when acentric frag-
ments or whole chromosomes fail to incorporate into
either of two daughter nuclei during cell division
(Schmid, 1975; Heddle et al., 1983). The alkaline
(pH>13) comet assay (OECD, 2014) (also known as the
single cell gel electrophoresis assay) detects DNA dam-
age in any of a variety of eukaryotic cell types (Tice
et al., 2000; Collins, 2004; Brendler-Schwaab et al.,
2005; Burlinson et al., 2007); cell division is not
required. The type of DNA damage detected includes
nicks, adducts, strand breaks, and abasic sites that are
converted to DNA strand breaks after treatment of cells
in an alkaline (pH>13) solution. Transient DNA strand
breaks generated by the process of DNA excision repair
may also be detected. DNA damage caused by crosslink-
ing agents has been detected as a reduction of DNA
migration (Pfuhler and Wolf, 1996; Hartmann et al.,
2003). The fate of the DNA damage detected by the
comet assay is varied; most of the damage is rapidly
repaired resulting in no sustained impact on the tissue but
some may result in cell death or may be incorrectly pro-
cessed by repair proteins and result in a fixed mutation or
chromosomal alteration. The detailed protocols for these
studies and the results are given in Appendix E.

The genetic toxicity studies have grown out of an earlier
effort by the NTP to develop a comprehensive database
permitting a critical anticipation of a test article’s car-
cinogenicity in experimental animals based on the results
from a number of in vitro and in vivo short-term tests
measuring functionally distinct genotoxicity endpoaints.
The short-term tests were originally developed to clarify
proposed mechanisms of chemical-induced DNA dam-
age based on the relationship between electrophilicity
and mutagenicity (Miller and Miller, 1977) and the
somatic mutation theory of cancer (Straus, 1981,
Crawford, 1985). However, it should be noted that not
all cancers arise through genotoxic mechanisms, and in



50 GSM- and CDMA-Modulated Cell Phone RFR, NTP TR 595

these studies, the test article is not a chemical. Many studies
have established the genotoxicity of some forms of radiation
including, for example, ultraviolet radiation and X-ray radi-
ation, which are both forms of ionizing radiation. Because
exposure to RFR requires specialized and highly technical
exposure protocols, only in vivo biomarkers associated with
genotoxicity could be investigated.

Clearly positive results in long-term peripheral blood
micronucleus tests have high predictivity for rodent car-
cinogenicity; a weak response in one sex only or negative
results in both sexes in this assay do not correlate well
with either negative or positive results in rodent carcino-
genicity studies (Witt et al., 2000). The relationship

1 https://doi.org/10.22427/NTP-VIDEO-43

between comet assay results and rodent carcinogenicity
was investigated previously and a close association was
observed (Sasaki et al., 2000); however, this assay is best
employed as a hazard identification assay. Because of
the theoretical and observed associations between
induced genetic damage and adverse effects in somatic
and germ cells, the determination of in vivo genetic
effects is important to the overall understanding of the
risks associated with exposure to a particular test article.

Further discussion of the genetic toxicology assays used
in these studies can be found in the video®! (day 2 a.m. at
2 hours, 48 minutes) (NTP, 2018a).
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GSM modulated cell phone RFR by pairwise comparison

(Table 3). A significant negative trend was observed in
28-DAY STUDY gestation day (GD) 21 body weights that was likely due
Perinatal Study to reduced body weight gain in late gestation in the

No exposure-related effects were observed on survival or 9 W/kg group (Table 3). There was an overall (GD 6 to
littering rates (littering/pregnant ratio) (Table 2). Gesta- GD 21) lower body weight gain of 9% in the 9 W/kg
tion body weights were unaffected by exposure to GSM-  group compared to that of the sham controls.

TABLE 2
Summary of Disposition During Perinatal Exposure and F1 Allocation
in the 28-Day Perinatal and Postnatal Study of GSM-Modulated Cell Phone RFR

Sham Control 3 Wi/kg 6 W/kg 9 W/kg
Time-mated Females 20 20 20 20
Pregnant Females 20 19 18 20
Non-Pregnant Females 0 1 2 0
Pregnant Dams not Delivering 0 0 0 0
Died 0 0 0 0
Littered 20 19 18 20
Pregnant/Mated Percentage® 100.0% 95.0% 90.0% 100.0%
Littered/Pregnant Percentage® 100.0% 100.0% 100.0% 100.0%
Litters Removed (Insufficient Size) (PND 4) 0 0 0 0
Litters Post Standardization (PND 4) 20 19 18 20
Weaned/Sex (PND 21)2 30 30 30 30

a

against the sham control group

b Total number of weaned animals per sex from 10 litters

Number in the numerator as proportion of the number in the denominator was tested using the Fisher exact test for pairwise comparisons
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TABLE 3
Mean Body Weights and Mean Body Weight Gains of Fo Female Rats During Gestation

in the 28-Day Perinatal and Postnatal Study of GSM-Modulated Cell Phone RFR?

GSM- and CDMA-Modulated Cell Phone RFR, NTP TR 595

Sham Control

3 W/kg

6 W/kg

9 W/kg

Gestation Day

6
9
12
15
18
21

Gestation Day Interval

6t09
9to12
12to 15
15t018
18t021

61021

238.3+2.2 (20)°
250.7 + 2.4 (20)
266.2 + 2.5 (20)
282.5 + 2.9 (20)
319.3 +3.0 (20)
366.4 +4.3 (20)A4

12,5 1.2 (20)
15.5 £ 1.1 (20)
16.3 £ 1.0 (20)
36.7+0.9 (20)A4
47.1+1.8(20)A4

128.1 £33 (20)A4

236.7 £ 2.4 (19)
249.8 +2.2 (19)
263.0 +2.3 (19)
280.7 +2.8 (19)
316.9 +3.2 (19)
360.2 + 4.8 (19)

13.1+0.9 (19)
13.3+0.8 (19)
17.7+1.0 (19)
36.2+1.3 (19)
43.3+2.0 (19)

1235 £ 4.3 (19)

238.8+ 2.6 (18)
251.4+ 2.5 (18)
265.9 + 2.6 (18)
283.0+2.9 (18)
319.4+ 3.6 (18)
363.6 + 4.5 (18)

12.6+1.1 (18)
14.5+0.6 (18)
17.1+0.5 (18)
36.4+1.1(18)
442 +13 (18)

124.8 £3.0 (18)

238.3+2.3 (20)
249.8 2.5 (20)
264.2 + 2.6 (20)
281.3+ 2.5 (20)
313.6 + 2.6 (20)
354.8 +3.3 (20)

11.5+ 0.5 (20)
14.4+0.7 (20)
17.1£0.6 (20)
32.3+0.8 (20)**
412 +15 (20)*

116.5 £ 2.6 (20)*

A Agjgnificant trend (P<0.01)
*  Significantly different (P<0.05) from the sham control group

** P<0.01

2 Body weights and body weight gains in grams. Data are displayed as mean + standard error. Statistical analysis performed by Jonckheere’s
(trend) and Williams’ or Dunnett’s (pairwise) tests.

b

Total and live litter size on postnatal day (PND) 1 was
unaffected by exposure and there was no statistically
significant effect on live litter size throughout lactation
(Table 4). However, there were higher numbers of dead

Number of dams

pups in the exposed groups from PND 1 to 4 and single

incidences in the 6 and 9 W/kg groups from PND 5 to 21
(Table 5). The number of dead pups per litter was signif-
icantly increased from PND 1 to 4 in addition to a
decreased survival ratio in the 9 W/kg group.
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TABLE 4
Mean Number of Surviving F1 Male and Female Rats During Lactation
in the 28-Day Perinatal and Postnatal Study of GSM-Modulated Cell Phone RFR?
Sham Control 3 W/kg 6 W/kg 9 W/kg
Total Pups per Litter
PND 1 11.95 + 0.38 (20)° 11.74 £ 0.55 (19) 12.78 £ 0.37 (18) 12.40 + 0.48 (20)

Live Pups per Litter

PND 1

PND 4 (Preculling)
PND 4 (Postculling)
PND 7

PND 10

PND 14

PND 17

PND 21

Live Males per Litter
PND 1
PND 4 (Preculling)
PND 4 (Postculling)

Live Females per Litter
PND 1
PND 4 (Preculling)
PND 4 (Postculling)

11.90 + 0.39 (20)
11.85 + 0.39 (20)

7.95 +0.05 (20)
7.95 +0.05 (20)
7.95 +0.05 (20)
7.95 +0.05 (20)
7.95 +0.05 (20)
7.95 +0.05 (20)

6.10 + 0.42 (20)
6.05 + 0.41 (20)
4.00 +0.15 (20)

5.80  0.42 (20)
5.80  0.43 (20)
3.95 +0.14 (20)

11.63 + 0.54 (19)
11.53 +0.54 (19)
7.84+0.28 (19)
7.84+0.28 (19)
7.84+0.28 (19)
7.84+0.28 (19)
7.84+0.28 (19)
7.84+0.28 (19)

5.95 +0.39 (19)
5.74 +0.38 (19)
3.95+0.18 (19)

5.68 + 0.36 (19)
5.79 +0.37 (19)
3.89+0.11 (19)

12.78 +0.37 (18)
12.44 +0.37 (18)
7.94 +0.06 (18)
7.89 0.08 (18)
7.89 +0.08 (18)
7.89 +0.08 (18)
7.89 0.08 (18)
7.89 +0.08 (18)

6.72 +0.52 (18)
6.50 + 0.52 (18)
3.94+0.13 (18)

6.06 + 0.45 (18)
5.94 + 0.40 (18)
4.00 +0.14 (18)

12.20 + 0.51 (20)
11.45 + 0.51 (20)
7.90 0.07 (20)
7.90 0.07 (20)
7.90 0.07 (20)
7.85 % 0.08 (20)
7.85 % 0.08 (20)
7.85 % 0.08 (20)

5.80 + 0.55 (20)
5.45 + 0.54 (20)
3.75+0.24 (20)

6.40 % 0.60 (20)
6.00 + 0.50 (20)
4.15 +0.24 (20)

@ All values shown as mean + standard error; PND = postnatal day. Statistical analysis performed by Jonckheere’s (trend) and Shirley’s or

Dunn’s (pairwise) tests.

b Number of dams

TABLE 5

Offspring Mortality and Survival Ratio of Rats During Lactation
in the 28-Day Perinatal and Postnatal Study of GSM-Modulated Cell Phone RFR?

Pup Survival per Litter Sham Control 3 W/kg 6 W/kg 9 W/kg
Total Dead PND 1 to 4P 2 (238/20) 4 (221/19) 6 (230/18) 19 (244/20)
Total Dead PND 5 to 21 0 (159/20) 0 (149/19) 1 (143/18) 1 (158/20)

Dead/Litter PND 1 to 4
Dead/Litter PND 4 to 21

0.211 +0.123 (19)
0.000 + 0.000 (19)

0.3330.229 (18)
0.056 + 0.056 (18)

0.100 + 0.069 (20)4 4
0.000 + 0.000 (20)

Survival Ratio PND 1 to 4°
Survival Ratio PND 4 to 214

0.996 + 0.004 (20)4 4
1.000 + 0.000 (20)

0.991 + 0.006 (19)
1.000 + 0.000 (19)

0.976 + 0.016 (18)
0.993 + 0.007 (18)

0.950 + 0.223 (20)**

0.050 + 0.050 (20)

0.940 + 0.014 (20)**

0.994 + 0.006 (20)

A Asignificant trend (P<0.01)
** Significantly different (P<0.01) from the sham control group

@ All values shown as mean + standard error; PND = postnatal day. Statistical analysis performed by Jonckheere’s (trend) and Shirley’s or

Dunn’s (pairwise) tests.

Number of pups/number of dams

¢ Number of pups preculling on PND 4/total number of viable pups on PND 1 (does not include pups dead on PND 1)
Number of pups alive on PND 21/number of pups at postculling on PND 4
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Exposed dams had decreased weight gain during lacta-
tion (PND 1 through 21), and maternal body weights of
the 9 W/kg group were up to 11% lower than those of the
sham controls (Table 6). Combined F; body weights
were 8% lower starting on PND 1 in the 9 W/kg group
when adjusted for litter size (Table 7). As lactation pro-

TABLE 6

gressed, the adjusted pup weights (combined) were up to
17% lower in the 9 W/kg group and up to 8% lower in
the 6 W/kg group compared to sham controls. The mag-
nitude of the effect was consistent between males and
females.

Mean Body Weights and Mean Body Weight Gains of Fo Female Rats During Lactation
in the 28-Day Perinatal and Postnatal Study of GSM-Modulated Cell Phone RFR?

Sham Control

3 W/kg

6 W/kg

9 W/kg

Postnatal Day

Postnatal Day Interval

1 272.7 + 2.7 (20)°

4 263.8 + 3.6 (20)

7 284.1+2.7 (20)A4
14 292.4 2.6 (20)A 4
21 279.7 35 (20)A 4

267.8+2.3 (19)
265.1+ 2.9 (19)
280.3+1.9 (19)
289.9+2.9 (19)
267.3 3.7 (19)**

lto4 -8.9+32(20)4 -2.7+28(19)
4107 20.2+2.3 (20)A4 15.2 £ 2.0 (19)
7t014 8.3+1.4 (20)A4 9.6 +2.1(19)

141021 ~12.7 3.5 (20) —22.7+3.2 (19)*
lto21 7.0+38(20)A4 -0.5+26(19)

271.6 2.7 (18)
269.9 4.2 (18)
281.8+2.7 (18)
286.4+ 2.8 (18)
265.8 % 3.6 (11)**

-1.7 +2.8 (18)
12.0 + 2.6 (18)**
4.6+20 (18)

-16.9 +3.1 (11)

-1.9+25 (11)

263.5 % 2.5 (20)*
264.1+ 2.2 (20)
270.0 % 2.3 (20)**
266.1 % 2.6 (20)**
2485 + 2.3 (20)**

0.6+ 1.5 (20)*
5.9+ 1.1 (20)**
~4.0 £ 1.5 (20)**
-17.6 +1.7 (20)

-15.0 + 1.8 (20)**

A Significant trend (P<0.05)

AAp<0.01

* Significantly different (P<0.05) from the sham control group

** P<0.01

2 Body weights and body weight gains in grams. Data are displayed as mean + standard error. Statistical analysis performed by Jonckheere’s

test (trend) and Williams’ or Dunnett’s (pairwise) tests.
Number of dams

b
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TABLE 7

Adjusted Mean Body Weights of F1 Male and Female Rats During Lactation
in the 28-Day Perinatal and Postnatal Study of GSM-Modulated Cell Phone RFR?
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Sham Control 3 W/kg 6 W/kg 9 W/kg
Adjusted Male Live Pup Weight
PND 1P 6.70 £ 0.10 (20)A Ac 6.71 +0.09 (19) 6.46 + 0.10 (18) 5.99 +0.09 (20)A 4
PND 4 (Preculling) 9.68 + 0.14 (121/20)**d 9.59 + 0.13 (109/19) 9.08 +0.13 (117/18)* 8.09 + 0.19 (108/20)**

PND 4 (Postculling)
PND 7

PND 14

PND 21

9.75 % 0.13 (81/20)**
16.22 + 0.19 (81/20)**
31.52 + 0.42 (81/20)**
53.19 + 0.72 (81/20)**

Adjusted Female Live Pup Weight

PND 1

PND 4 (Preculling)
PND 4 (Postculling)
PND 7

PND 14

PND 21

6.28+0.10 (20)A 4

9.09 % 0.15 (116/20)**

9.13 % 0.16 (79/20)**
15.17 + 0.24 (79/20)**
29.76 % 0.40 (79/20)**
49.78 £ 0.73 (79/20)**

Adjusted Combined Live Pup Weight

PND 1

PND 4 (Preculling)
PND 4 (Postculling)
PND 7

PND 14

PND 21

6.480.10 (20)A 4

9.38 % 0.13 (237/20)**

9.44 % 0.13 (160/20)**
15.69 £ 0.19 (160/20)**
30.62 % 0.39 (160/20)**
51.46 % 0.67 (160/20)**

9.67 +0.14 (74/19)
15.56 + 0.21 (74/19)
31.29 + 0.31 (74/19)
52.86 % 0.61 (74/19)

6.43  0.07 (19)
9.16 % 0.14 (110/19)
9.23 % 0.14 (73/19)

14.91 £ 0.23 (73/19)

30.03 £ 0.36 (73/19)

49.45 + 0.58 (73/19)

6.57 +0.08 (19)

9.38 +0.14 (219/19)

9.45 +0.14 (147/19)
15.24 + 0.21 (147/19)
30.66 % 0.32 (147/19)
51.17 + 0.55 (147/19)

9.18 +0.13 (71/18)*
14.84 +0.28 (71/18)**
30.05 + 0.42 (71/18)*
51.20 +0.71 (71/18)

6.17 £ 0.11 (18)
8.76 % 0.16 (107/18)
8.74 % 0.16 (73/18)

13.96 + 0.30 (72/18)**

28.67 £ 0.48 (72/18)

48.47 £ 0.76 (72/18)

6.33+0.10 (18)

8.94 % 0.13 (224/18)

8.96 % 0.14 (144/18)
14.40 £ 0.27 (143/18)**
29.35 + 0.43 (143/18)
49.84 +0.70 (143/18)

8.20 % 0.16 (75/20)**
13.06 + 0.31 (75/20)**
26.63 % 0.47 (75/20)**
4552 + 0.94 (75/20)**

5.89 + 0.00 (20)4 4

7.95 % 0.18 (121/20)**

8.11 % 0.17 (83/20)**
12.95 + 0.31 (83/20)**
26.41 % 0.42 (82/20)**
44.25 + 0.87 (82/20)**

5.95+0.08 (20)A 4

8.05 % 0.17 (229/20)**

8.16 % 0.16 (158/20)**
13.00 £ 0.30 (158/20)**
26,51 % 0.43 (157/20)**
44.87 % 0.88 (157/20)**

A Agjgnificantly different (P<0.01) for PND 1 endpoint (statistical significance in the sham control group column indicates a significant trend
test; statistical significance in a treatment group column indicates a significant pairwise comparison against the sham control group)

*

Significantly different (P<0.05) for PNDs after PND 1 endpoints (statistical significance in the sham control group column indicates a

significant trend test; statistical significance in a treatment group column indicates a significant pairwise comparison against the sham control

group)
** P<0.01

@ Body weights in grams. Data are displayed as mean + standard error. PND = postnatal day. Values listed as PND 1 refer to the total pup
weight divided by the number of pups in litter at PND 1, and the statistical analysis performed is by Jonckheere’s (trend) and Williams’ or
Dunnett’s (pairwise) tests. Values listed for all other days refer to individual pups, and the statistical analysis is for linear trends performed
using mixed models with continuous dose and dam 1D (litter) as a random effect. Multiple pairwise comparisons of dose groups to sham
control group were performed using mixed models with categorical dose and dam 1D (litter) as random effect with Dunnett-Hsu adjustment
method. Individual pup body weights first adjusted for live PND 1 litter size via the analysis of covariance.

b Values listed as PND 1 refer to the total pup weight divided by the number of pups in litter at PND 1

¢ Number of dams
d

Number of pups/number of dams
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Postnatal Study

All rats survived to the end of the study (Table 8). There
were lower mean body weights in the male 6 (6% to 9%)
and 9 (16% to 19%) W/kg groups compared to sham
controls at all time points including terminal sacrifice
(Table 8 and Figure 6). Mean body weight gains were
also lower in these groups (10% to 16%) (Data not
presented). In 3 W/kg males, mean body weights were
lower on day 22 (5%) and at terminal sacrifice (7%), but

TABLE 8

GSM- and CDMA-Modulated Cell Phone RFR, NTP TR 595

body weight gains were comparable to that of the sham
controls. In females, mean body weights were lower on
days 1, 8, 15, and 22 in the 9 W/kg group (8% to 11%)
and on days 8 and 15 in the 6 W/kg group (5%).
However, mean body weights at terminal sacrifice and
mean body weight gains in all exposed female groups
were similar to those of the sham controls. There were
no notable clinical observations in either sex during the
study.

Mean Body Weights and Survival of Rats Exposed to GSM-Modulated Cell Phone RFR for 28 Days

Sham Control 3 W/kg 6 W/kg 9 W/kg
Av. Wt No. of Av.Wt. Wt (%of  No.of Av.Wt. Wt (% of  No.of Av.Wt. Wt (% of  No.of
Day (9) Survivors (9) Controls) Survivors (9) Controls) Survivors (9) Controls) Survivors
Male
1 60.8 10 60.3 99.1 10 57.4 94.3 11 50.8 83.5 10
8 94.9 10 91.3 96.3 10 87.1 91.9 11 77.3 81.5 10
15 144.5 10 137.2 94.9 10 132.4 91.6 11 117.7 81.4 10
22 195.3 10 184.7 94.5 10 178.0 91.1 11 158.6 81.2 10
29 248.7 10 231.3 93.0 10 227.0 91.3 10 204.6 82.3 10
Female
1 55.9 10 54.4 97.3 10 53.7 96.1 10 49.6 88.8 10
8 83.1 10 80.0 96.2 10 78.9 94.9 10 73.6 88.5 10
15 119.8 10 114.8 95.8 10 113.9 95.1 10 107.5 89.7 10
22 146.5 10 142.9 97.6 10 143.1 97.7 10 134.6 91.9 10
30 166.5 10 163.1 98.0 10 168.0 100.9 10 155.7 93.5 10
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The average temperature over gestation (GD 7 through
16) was increased compared to sham controls in the 6 and
9 Wikg groups by 0.4 and 0.5 degrees, respectively
(Table 9). During lactation, the average (LD 1 through
14) temperature was also increased in the 6 and 9 W/kg
groups by 0.7 and 1.0 degrees, respectively. Inthe F; off-
spring, average (study day 16 through 27; ~PND 37
through 48) body temperatures were decreased by
0.5 degrees in the 3 W/kg male group and by 0.9 degrees
in the 6 W/kg female group (Tables 9 and G1).

The relative brain and testis weights in exposed male
groups were increased compared to the sham control
group, but this was considered to be due to the lower
necropsy body weights (8%, 10%, and 20% lower than
sham controls in the 3, 6, and 9 W/kg groups, respec-
tively) and not an exposure-related effect (Table G2).
Significant decreases in absolute heart weights were
observed in 6 and 9 W/kg males (14% and 22%, respec-
tively), but the relative heart weights were not affected.
Similarly, absolute right kidney and liver weights were
decreased in 9 W/kg males (24% and 19%, respectively),
but without corresponding effects in the relative weights.
These decreases in organ weights could be related to the
lower body weights in males. No effects in organ weights
were observed in female rats.

In females, there were increased incidences of chronic
progressive nephropathy in the kidney of 3 and 9 W/kg
groups (sham controls, 0/10; 3 W/kg, 4/10; 6 W/kg, 3/10;
9 W/kg, 4/10) compared to the sham controls. The sever-
ity of these lesions was minimal (1.0). Chronic progres-
sive nephropathy was characterized by scattered tubular
segments with basophilic epithelial cells with crowded
nuclei, slightly thickened basement membranes, and
occasional mononuclear inflammatory cells. There were
no exposure-related renal lesions in male rats.

Exposure Level Selection Rationale: Based on pup mor-
tality, reduced maternal and pup body weights, increased
Fo dam body temperature measurements at 9 W/kg in the
28-day studies, and increased body temperature in adult
rats at >8 W/kg in the thermal pilot studies (Wyde et al.,
2018), the highest exposure level selected for the 2-year
studies was 6 W/kg. In the thermal pilot studies and in
the 28-day study, exposure to 6 W/Kg resulted in some
increases in core body temperature, but these increases
were less than 1° C. Therefore, 6 W/kg would provide
an exposure adequate to challenge the animals without
causing excessive heating or disruption of the thermoreg-
ulatory process. The lowest exposure level selected for
the 2-year studies was 1.5 W/Kkg, which is close to the
1.6 W/kg maximum output limit for cell phone devices
in the United States.
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TABLE9
Mean Body Temperatures of Rats Exposed to GSM-Modulated Cell Phone RFR for 28 Days?

Sham Control 3 W/kg 6 W/kg 9 W/kg
Day Temperature No. Temperature No. Temperature No. Temperature No.
(&) Measured (@) Measured (&) Measured (&) Measured
Fo FemaleP
GD 6 36.7 £ 0.1 10°¢ 37.4 £ 0.2** 9 36.5+0.1 9 36.8 + 0.2 10
GD7 36.6 + 0.144 10 36.7 £ 0.1 9 37.1+0.1* 9 37.2 £ 0.1** 10
GD 11 36.7 £ 0.244 10 365 +0.1 9 37.1+0.1 9 37.2 +0.1* 10
GD 16 36.5+0.144 10 36,5+ 0.1 9 36.8 £ 0.1 9 37.0 £ 0.1** 10
GD 7-16¢ 36.6 £+ 0.144 10 36.6 + 0.1 9 37.0 £ 0.1** 9 37.1 £ 0.0** 10
LD 1 37.7 £0.144 10 37.8+0.1 9 38.1+0.2 9 38.4 + 0.2%* 10
LD 4 367 £ 0144 10 371+ 0.2 9 37.5 £ 0.2%* 9 37.9 £ 0.1%* 10
LD7 36.8 £ 0.2 10 371+02 9 37.2+02 9 37.2+02 10
LD 14 36.9 £ 0.244 10 371+01 9 37.8 £ 0.2%* 9 383 + 0.2%* 8
LD 1-14¢ 37.0 £ 0.144 10 37.3+01 9 37.7 £ 0.1%* 9 38.0 £ 0.1** 10
F1 Male®
16 374 +0.2 4 37.0x0.1 4 37.2+0.2 4 37.2+0.1 4
20 376 £ 0.1 4 37.0 £ 0.1%* 4 37.2+02 4 37.4+01 4
27 37.3+0.2 4 370+ 0.1 4 372+ 00 3 374 +£0.1 4
16-274 375+0.1 4 37.0 + 0.0* 4 37.2+0.1 4f 374 +01 4
F; Female®
16 38.0+0.3 4 37.0 £ 0.2** 4 37.0 £ 0.1* 4 374 +£0.1 4
20 381+02 4 37.6 £ 0.1 4 37.0 £ 0.1%* 4 376 £ 0.1 4
27 379 +0.2 4 378 0.3 4 37.3+0.3 4 37.6 £ 0.0 4
16-27¢ 38.0 £+ 0.24 4 374 +£01 4 37.1 £ 0.1** 4 375+ 0.0 4
A Significant trend (P<0.05)
A4p<0.01
*  Significantly different (P<0.05) from the sham control group
** P<0.01
@ Temperatures are given as mean + standard error. GD=gestation day; LD=lactation day.
b Statistical analysis performed by Jonckheere’s (trend) and Williams’ or Dunnett’s (pairwise) tests.
¢ For F, females, number measured refers to individual animals; for F; pups, number measured refers to litters.
4 Average of days
e

Statistical analysis for linear trends was performed using mixed models with continuous dose and dam ID (litter) as a random effect. Multiple
pairwise comparisons of dose groups to sham control were performed using mixed models with categorical dose and dam ID (litter) as a
random effect with Dunnett-Hsu adjustment method.

There were three litters on day 27.
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2'Y_EAR STUDY group (Table 11). Body weight gains were generally
Perinatal Exposure unaffected across time intervals except in the 6 W/kg
No exposure-related effects were observed on pregnancy  group at the GD 5 through 18 interval where body weight
status, maternal survival, or the percent of pregnant ani-  gain was 10% lower than that of the sham control group
mals that littered (Table 10). Maternal body weights dur-  and the GD 6 through 21 interval where body weight gain
ing gestation were similar to those of the sham control  was 7% lower than that of the sham control group.

TABLE 10
Summary of Disposition During Perinatal Exposure and F1 Allocation
in the 2-Year Perinatal and Postnatal Study of GSM-Modulated Cell Phone RFR

Sham Control 1.5 Wikg 3 Wi/kg 6 W/kg
Time-mated Females 56 56 56 56
Pregnant Females 52 50 50 52
Non-Pregnant Females 4 6 6 4
Pregnant Dams not Delivering 2 3 3 4
Died? 1 0 0 0
Littered 50 47 47 48
Pregnant/Mated Percentage® 92.9% 89.3% 89.3% 92.9%
Littered/Pregnant Percentage® 96.2% 94.0% 94.0% 92.3%
Litters Removed (Insufficient Size) 2 4 5 2
Litters Post Standardization 48 43 42 46
Weaned/Sex® 105 105 105 105

2 One pregnant female died on GD 25 with pups in uterus

Number in the numerator as proportion of the number in the denominator was tested using the Fisher exact test for pairwise comparison
against sham control group

¢ Total number of weaned animals per sex from 35 litters
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TABLE 11

Mean Body Weights and Mean Body Weight Gains of Fo Female Rats During Gestation

in the 2-Year Perinatal and Postnatal Study of GSM-Modulated Cell Phone RFR?
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Sham Control

1.5 W/kg

3 W/kg

6 W/kg

Gestation Day

6
9
12
15
18
21

Gestation Day Interval

6t09
9to 12
12to 15
15t0 18
18to 21

61021

238.4 + 1.4 (51)P
256.2 + 1.6 (51)
270.5 + 1.6 (51)
290.0 + 1.9 (51)
332723 (51)4
380.2+2.8 (51)4

17.7+0.8 (51)
14.3+0.6 (51)
19.6+0.6 (51)
427+1.0 (51)A4
475+1.0 (51)

1417 £22 (51)A4

239.9+ 1.4 (47)
256.3 % 1.6 (47)
270.4+1.7 (47)
289.7 +2.0 (47)
329.8+ 2.6 (47)
376.9 3.6 (47)

16.4+0.6 (47)
14.1+05 (47)
19.3+0.8 (47)
402 +1.1 (47)
47.1+15 (47)

137.0 £3.3 (47)

239.0 1.4 (47)
254.9 + 1.6 (47)
269.2 + 1.6 (47)
288.8+ 1.8 (47)
328.9+2.2 (47)
374.6 +3.5 (47)

15.9 0.6 (47)
142 +0.5 (47)
19.7 £ 0.6 (47)
40.1+0.9 (47)
45,6+ 15 (47)

135.5 £ 2.9 (47)

238.9+1.3 (48)
254.7+1.3 (48)
268.1+ 1.4 (48)
287.6+ 1.6 (48)
326.1+ 2.1 (48)
371.2+3.0 (48)

15.8 £ 0.5 (48)
13.4+0.5 (48)
19.5+ 0.6 (48)
38.5+ 0.9 (48)**
45.1+1.3 (48)

132.3 £ 2.6 (48)*

4 Significant trend (P<0.05)

AAp<0.01

*  Significantly different (P<0.05) from the sham control group

** P<0.01

2 Body weights and body weight gains in grams. Data are displayed as mean + standard error. Statistical analysis performed by Jonckheere’s
(trend) and Williams’ or Dunnett’s (pairwise) tests.

b

Number of dams
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Total litter size on PND 1 and live litter size at all time
points were unaffected by exposure with no effects

GSM- and CDMA-Modulated Cell Phone RFR, NTP TR 595

observed in pup mortality or survival ratio in early

TABLE 12

Mean Number of Surviving F1 Male and Female Rats During Lactation

in the 2-Year Perinatal and Postnatal Study of GSM-Modulated Cell Phone RFR?

postnatal development (PND 1 through 4) or thereafter
(PND 4 through 21) (Tables 12 and 13).

Sham Control

1.5 W/kg

3 W/kg

6 W/kg

Total Pups per Litter
PND 1

Live Pups per Litter

PND 1

PND 4 (Preculling)
PND 4 (Postculling)
PND 7

PND 10

PND 14

PND 17

PND 21

Live Males per Litter
PND 1
PND 4 (Preculling)
PND 4 (Postculling)

Live Females per Litter
PND 1
PND 4 (Preculling)
PND 4 (Postculling)

12.76 + 0.32 (50)°

12.56 + 0.40 (50)
12.73 +0.30 (48)

8.00 + 0.00 (48)
8.00 + 0.00 (48)
8.00 + 0.00 (48)
8.00 + 0.00 (48)
8.00 + 0.00 (48)
8.00 + 0.00 (48)

6.20 + 0.30 (50)
6.33 +0.28 (48)
3.96 + 0.05 (48)

6.36 + 0.28 (50)
6.40  0.25 (48)
4.04 +0.05 (48)

12.06 + 0.43 (47)

12.04 + 0.43 (47)
12.65 + 0.26 (43)
8.00 + 0.00 (43)
7.98 +0.02 (43)
7.98 +0.02 (43)
7.98 +0.02 (43)
7.98 +0.02 (43)
7.98 +0.02 (43)

6.00 + 0.34 (47)
6.35 + 0.30 (43)
3.98 +0.07 (43)

6.04 +0.32 (47)
6.30 + 0.26 (43)
4.02 +0.07 (43)

12.26 + 0.51 (47)

12.23 + 0.51 (47)
12.98 +0.27 (42)
8.00 + 0.00 (42)
7.95+0.03 (42)
7.93+0.04 (42)
7.93+0.04 (42)
7.93+0.04 (42)
7.93+0.04 (42)

6.11 +0.38 (47)
6.62 +0.32 (42)
4.00 +0.07 (42)

6.13 +0.33 (47)
6.36 + 0.30 (42)
4.00 +0.07 (42)

12.31 +0.39 (48)

12.29 + 0.39 (48)
12.41 +0.32 (46)
8.00 + 0.00 (46)
7.98 +0.02 (46)
7.98 +0.02 (46)
7.98 +0.02 (46)
7.98 +0.02 (46)
7.98 +0.02 (46)

6.02 + 0.32 (48)
6.15 + 0.30 (46)
4,02 +0.10 (46)

6.27 +0.33 (48)
6.26 + 0.34 (46)
3.98 +0.10 (46)

@ All values shown as mean + standard error; PND = postnatal day. Statistical analysis performed by Jonckheere’s (trend) and Shirley’s or

Dunn’s (pairwise) tests.

b Number of dams

TABLE 13
Offspring Mortality and Survival Ratio of Rats During Lactation
in the 2-Year Perinatal and Postnatal Study of GSM-Modulated Cell Phone RFR?

Pup Survival per Litter Sham Control 1.5 W/kg 3 W/kg 6 W/kg
Total Dead PND 1 to 4P 19 (628/49)° 4 (566/43) 12 (575/42) 10 (590/46)
Total Dead PND 5 to 21 0 (348/48) 1 (344/43) 3 (336/42) 1 (368/46)

Dead/Litter PND 1 to 4
Dead/Litter PND 4 to 21

0.388 + 0.193 (49)
0.000 + 0.000 (48)

0.093 + 0.045 (43)
0.023 +0.023 (43)

0.286 + 0.104 (42)
0.071 + 0.040 (42)

0.217 + 0.076 (46)
0.022 + 0.022 (46)

Survival Ratio PND 1 to 49
Survival Ratio PND 4 to 21°

0.986 + 0.005 (48)
1.000 + 0.000 (48)

0.994 + 0.003 (43)
0.997 + 0.003 (43)

0.981 + 0.007 (42)
0.991 + 0.005 (42)

0.985 + 0.005 (46)
0.997 + 0.003 (46)

All values shown as mean + standard error; PND = postnatal day. Statistical analysis performed by Jonckheere’s (trend) and Shirley’s or
Dunn’s (pairwise) tests.

Includes dead on PND 1. Survival information on PND 4 was not available for some non-acceptable litters, so these were excluded from the
analysis.

¢ Number of pups/number of dams
Number of pups preculling on PND 4/total number of viable pups on PND 1 (does not include pups dead on PND 1)
€ Number of pups alive on PND 21/number of pups at postculling on PND 4
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During the lactation period, maternal body weights of the
3 and 6 W/kg groups were significantly decreased (up to
5% and 9%, respectively) compared to those of sham
controls from PND 4 through 21 (Table 14). At PND 1,
male and female pup weights in the 6 W/kg groups were

4% to 5% less than those of the sham controls (Table 15).

TABLE 14

Mean Body Weights and Mean Body Weight Gains of Fo Female Rats During Lactation

in the 2-Year Perinatal and Postnatal Study of GSM-Modulated Cell Phone RFR?

Male and female pup weights were also significantly
decreased compared to the sham controls with a 4% to
8% decrease across most time points in the 3 W/kg
groups and a 6% to 8% decrease across all time points in
the 6 W/kg groups.

Sham Control 1.5 Wikg 3 Wi/kg 6 W/kg
Postnatal Day

1 280.9 +2.0 (50)A AP 280.6 + 2.0 (47) 277.0+ 1.7 (47) 275.9 + 1.7 (48)

4 280.7 +2.1 (48)AA 288.7 £ 2.0 (43) 2843+ 1.9 (42) 280.6 + 1.8 (46)**

7 207.1+2.2 (48)AA 293.7 2.1 (43) 290.4 + 1.9 (42)* 286.4 + 1.9 (46)**
14 314.4 2.0 (48)A4 310.1+2.3 (43) 302.3 + 1.8 (42)** 290.7 + 2.2 (46)**
17 313.9+ 22 (48)A4 309.2 + 2.4 (43) 299.2 + 1.8 (42)** 285.3 + 2.5 (46)**
21 209.7+2.2 (48)A 4 295.9 + 2.4 (43) 287.6 + 1.8 (42)** 278.1 + 2.4 (45)**

Postnatal Day Interval

lto4
4t07
7to14
14to 17
17to 21

lto21

9.2+0.9 (48)AA
7.4 %15 (48)
174+ 1.4 (48)AA
—0.6+1.0 (48)A4
-14.1+13(48)A4

193415 (48)A4

8.1+1.0 (43)
50+ 1.2 (43)
16.4+ 1.4 (43)
-0.9+1.4 (43)
~13.3+1.7 (43)

153+ 1.3 (43)

73+1.1(42)
6.1+1.3(42)
11.9 + 1.1 (42)**

-3.1+1.0 (42)
~11.6 +1.2 (42)

10.6 £ 1.8 (42)**

48+ 1.1 (46)**

5.8+ 0.9 (46)

4.3 +1.2 (46)**
—5.5+ 1.1 (46)**
~7.1+ 1.8 (45)**

2.4 % 2.0 (45)**

A Agjgnificant trend (P<0.01)
* Significantly different (P<0.05) from the sham control group

** P<0.01

@ Body weights and body weight gains in grams. Data are displayed as mean + standard error. Statistical analysis performed by Jonckheere’s
(trend) and Williams’ or Dunnett’s (pairwise) tests.

b

Number of dams
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TABLE 15

GSM- and CDMA-Modulated Cell Phone RFR, NTP TR 595

Adjusted Mean Body Weights of F1 Male and Female Rats During Lactation
in the 2-Year Perinatal and Postnatal Study of GSM-Modulated Cell Phone RFR?

Sham Control

1.5 W/kg

3 W/kg

6 W/kg

Adjusted Male Live Pup Weight

PND 1°
PND 4
PND 7
PND 14
PND 17
PND 21

7.22 +0.07 (49)A Ac
10.90 + 0.12 (190/48)**¢
17.22 £ 0.19 (189/48)**
35.22 + 0.43 (181/46)**
42.46 % 0.48 (190/48)**
58.50 % 0.62 (190/48)**

Adjusted Female Live Pup Weight

PND 1°
PND 4
PND 7
PND 14
PND 17
PND 21

6.83 % 0.06 (49)A 4
10.46 £ 0.11 (194/48)**
16.49 £ 0.18 (194/48)**
33.89 % 0.38 (192/48)**
40.82 % 0.44 (194/48)**
55.42 % 0.53 (194/48)**

Adjusted Combined Live Pup Weight

PND 1°
PND 4
PND 7
PND 14
PND 17
PND 21

7.03 % 0.06 (49)A 4
10.68 £ 0.11 (384/48)**
16.84 + 0.18 (383/48)**
34.48 % 0.40 (373/48)**
41.62 % 0.46 (384/48)**
56.93 % 0.56 (384/48)**

7.18 + 0.06 (46)
10.70 £ 0.12 (171/43)
17.21 +0.19 (170/43)
34.56 + 0.35 (166/42)
41.97 + 0.43 (165/42)
58.40 + 0.61 (170/43)

6.84 % 0.08 (47)
10.23 +0.12 (172/43)
16.53 + 0.18 (172/43)
33.47 +0.31 (165/41)
40.42 + 0.36 (168/42)
55.28 + 0.45 (169/42)

7.00 +0.08 (47)
10.47 + 0.11 (343/43)
16.87 + 0.18 (342/43)
34.01 +0.31 (331/42)
41.19 + 0.38 (333/42)
56.88 % 0.50 (339/43)

7.06 + 0.07 (46)
10.24 + 0.14 (168/42)**
15.97 + 0.26 (166/42)**
33.04 % 0.53 (162/41)**
40.75 + 0.59 (162/41)*
56.36 + 0.78 (166/42)

6.68 + 0.09 (46)

9.78 + 0.14 (168/42)**
15.35 + 0.22 (168/42)**
32.42 +0.37 (164/41)*
39.65 + 0.42 (167/42)
54.17 + 0.53 (167/42)

6.92 +0.08 (47)
10.01 + 0.13 (336/42)**
15.66 + 0.22 (334/42)**
32.70 + 0.41 (326/42)**
40.20 + 0.46 (329/42)
55.23 + 0.60 (333/42)

6.84 % 0.08 (48)A 4

9.90 % 0.12 (185/46)**
15.64 + 0.21 (185/46)**
32.37 % 0.37 (185/46)**
39.79 % 0.45 (185/46)**
54.99 + 0.67 (185/46)**

6.54 +0.07 (48)A 4

9.57 % 0.15 (183/46)**
15.05 + 0.23 (182/46)**
31.34 % 0.38 (181/46)**
38.30 % 0.45 (182/46)**
52.24 % 0.64 (182/46)**

6.71%0.07 (48)A 4

9.74 % 0.13 (368/46)**
15.35 + 0.21 (367/46)**
31.86 % 0.36 (366/46)**
39.06 % 0.43 (367/46)**
53.65 % 0.63 (367/46)**

A Agjgnificantly different (P<0.01) for PND 1 endpoint (statistical significance in the sham control group column indicates a significant trend
test; statistical significance in a treatment group column indicates a significant pairwise comparison against the sham control group)

*  Significantly different (P<0.05) for PNDs after PND 1 endpoints (statistical significance in the sham control group column indicates a
significant trend test; statistical significance in a treatment group column indicates a significant pairwise comparison against the sham control

group)
** P<0.01

@ Body weights in grams. Data are displayed as mean + standard error. PND = postnatal day. Values listed as PND 1 refer to the total pup
weight divided by the number of pups in litter at PND 1, and the statistical analysis performed is by Jonckheere’s (trend) and Williams’ or
Dunnett’s (pairwise) tests. Values listed for all other days refer to individual pups, and the stat