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ABSTRACT There has been long-standing controversy, both among scientists and in the public, about
whether children absorb more radio frequency (RF) energy in their heads than adults when using a mobile
telephone. This review summarizes the current understanding of this issue, and some of the complexities in
comparing the absorption of RF energy in different individuals from use of mobile phones. The discussion is
limited to dosimetric issues, i.e., possible age-related differences in absorption of RF energy in the heads of
mobile phone users. For most metrics of exposure, in particular those relevant to assessing the compliance
of handsets with regulatory limits, there is no clear evidence for age-related differences in exposure. For
two metrics of exposure, there is a clear evidence that age can play a factor: 1) the local specific absorption
rate (SAR), in particular anatomically defined locations within the brain, will vary with head size and hence
with age and 2) the SAR, in particular tissues, (e.g., bone marrow in the skull) can vary with age due to
age-related differences in the dielectric properties of tissue. However, these differences involve SAR levels
that are below the 1-g or 10-g peak spatial SAR (psSAR averaged over 1 or 10 g of tissue) and have no
significance for compliance assessment. Age-related differences observed in worst case simulations such as
presently considered are difficult to generalize to human populations under real-world exposure conditions
due to many variables that determine SAR during realistic usages.

INDEX TERMS Mobile phone, radiofrequency, exposure, specific absorption rate, children.

I. INTRODUCTION
For the past two decades there has been a recurring
controversy about whether children absorb more radiofre-
quency (RF) energy in their heads than adults from use of
mobile phones. This issue is significant for several reasons.
One is the need for manufacturers of mobile handsets to
demonstrate compliance of their products with regulatory
limits. Moreover, the exposure of an individual to RF energy
from use of a mobile phone is relevant to the question of
possible health effects of mobile phones.

Many websites and other media that address the gen-
eral public state that children absorb more RF energy from
mobile phones than adults, typically in support of arguments
that mobile phones pose particular health risks to children.
A search on the Internet using Google Search and the phrase
‘‘children absorb more RF than adults’’ or ‘‘children absorb
more MWR [microwave radiation] than adults’’ together
identified about 300web pages; searching on variants of these
phrases uncovered many additional web sites. By contrast
there have been few if any recent critical examinations of

the claim that take into account the considerable technical
complexity of the issue.
This review summarizes the current scientific evidence

on this issue, focusing on studies that permit a direct com-
parison of SAR in heads of children and adults from use
of a mobile phone. The discussion below is limited to
dosimetric issues, i.e., possible age-related differences in
absorption of RF energy in the heads of users of a mobile
phone handset, principally in the context of assessment of
compliance of handsets for regulatory approval. The larger
issue, of whether the use of mobile phones poses health
risks to their users, is beyond the present scope of this
review.
The Specific Absorption Rate (SAR) in W/kg of body

tissue is the fundamental dosimetric quantity that is used both
by researchers and specified in national exposure limits (for a
tutorial see [1]). The SAR represents the amount of power
deposited per unit mass in tissue, and can be quoted as a
value at any particular point in tissue, or as an average over a
specified mass of tissue or over the entire body.
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The plain language meaning of statements such as ‘‘chil-
dren absorb more RF energy than adults from use of a mobile
phone’’ refers to total absorbed power, measured in watts.
By contrast, regulatory limits in the U.S. and other countries,
as well those of international organizations including as IEEE
and International Commission on Nonionizing Radiation
Protection (ICNIRP) (Table 1), specify the peak spatial aver-
age SAR (psSAR) averaged over 1 or 10 grams of tissue
(1g or 10-g psSAR), depending on the limit. This refers to
the maximum value of the SAR averaged over 1 or 10 grams
of tissue anywhere in the body. Depending on the exposure
limits, the SAR limits for the pinnae (the fleshy outside part
of the ear) can be the same as for the rest of the head (ICNIRP)
or a higher limit that would apply to other parts of the body
(FCC, IEEE). The shape of the averaging mass may or may

TABLE 1. Comparisons of RF exposure limits for the general public,
applicable to exposure to localized sources including mobile phones.

not be specified, depending on the limit. In the assessment of
mobile handsets for compliance with the limits, the handset
would be located close to the head in a position that would
simulate real-world use. In this exposure scenario, the 1-g or
10-g psSAR would be located close to the surface of the head
and generally beneath the feedpoint of the phone’s antenna.
Other metrics of exposure such as the SAR at specific

locations within the body or the total absorbed power in the
body are not relevant for compliance assessment of mobile
phones but might be important for other purposes including
research on possible biological effects of RF energy.

II. DETERMINATES OF EXPOSURE
A mobile phone placed against the head represents a near-
field exposure situation in which the fields induced inside the
head (and consequently the SAR) to a considerable extent are
localized in the vicinity of the antenna, but a fraction of the
energy is transmitted into deeper layers of tissue. A dipole
antenna located a distance d and parallel to a plane of tissue
with feedpoint current Ifp produces a SAR at the surface of
the plane [2]:
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where γpw is the reflection coefficient for plane waves from
the tissue, ccorr is a correction factor of order 1,ω is the radian
frequency, and ε, σ , and ρ are the permittivity, conductivity,
and density of the tissue. For dipole antennas that are similar
in length to those used in mobile phones, the peak SAR varies
little if the tissue plane is replaced by a sphere of comparable
size to a human head [2]. In this near field exposure, the
SAR penetration depth into the tissue, defined as the distance
beneath the surface at which the SAR is reduced by a factor
of 1/e2 from that at the surface, is limited by the geometry
of the antenna and can be considerably smaller than that for
plane-wave energy incident on a tissue plane (which is about
3 and 4 cm, for muscle tissue at 1900 and 850 MHz, based
on literature values of the dielectric properties of muscle [3].)
Since the distance from the antenna of a typical mobile phone
to the head is about 1 cm or less, it is clear from Eq. 1 that
small (millimeter) variations in position of the antenna will
result in significant changes in SAR.
To date, more than 20 studies have evaluated the absorption

of RF energy in models of adult and child heads using a
study design that would allow direct comparison of SAR as
related to age, i.e., using the same computational methods
and same RF sources with numerical models of both child
and adult heads (Table 2). Nearly all of these studies used
the finite-difference-time-domain (FDTD) method. However,
the fidelity of the head models and exposure sources varied
widely. Most of the earlier studies used anatomically detailed
models for the adult head derived from MRI, CT or cryosec-
tion images of an adult human (typically, Visible Man1),
with child head models obtained by scaling down the adult

1http://www.nlm.nih.gov/research/visible/visible_human.html
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TABLE 2. Publications on SAR in children and adults head models exposed to mobile phones.
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TABLE 2. (Continued.) Publications on SAR in children and adults head models exposed to mobile phones.
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FIGURE 1. (a) Ratio of 1-g psSAR in child and adult heads reported by different investigators, for antennas or mobile phones operating at about
833-900 MHz; (b) same, 10-g psSAR, 833-900 MHz; (c) same, 1-g psSAR, 1800-1950 MHz; (d) same, 10-g psSAR, 1800-1950 MHz. For references
see Table 2.

head model. Some of the early studies used nonuniform scal-
ing of the adult head model in an attempt to simulate shape
differences in heads of children vs. adults. Many of the early
studies usedmodeledmobile phones in terms of simple dipole
or monopole antennas. More recent studies have compared
exposures in multiple anatomically based models derived
from MRI images of children and adults using realistic mod-
els of commercially available mobile phones derived from
digital design files. Over time, the spatial resolution of the
simulations has improved, from voxel sizes of 2–3 mm in the
earlier studies to 1 mm or less in recent simulations.

III. EXPOSURE COMPARISONS
The major focus of most dosimetric studies has been the
1-g or 10-g psSAR, as needed for compliance assessment.
Peak one-voxel SARs tend to be unreliable because of numer-
ical artifacts in FDTD calculations (the staircase effect [4])
and other exposure metrics such as local SAR or total power
absorbed in the head are not directly related to compliance
assessment but may be of interest for other purposes.

A. 1-g AND 10-g psSARs
Fig. 1 summarizes the results of the studies, in terms of
ratios of 1-g and 10-g psSARs in child to adult head mod-
els. Where possible, results were chosen for 7–8 year old
children; for studies that compared exposures from different
phones or antennas, one representative example was chosen.

Results are separately shown for antennas transmitting at
the two main frequency bands used by mobile phones,
835–900 MHz (‘‘Low band’’) and 1800–1950 MHz
(‘‘High band’’).
Overall, Fig. 1 shows similar 1-g and 10-g psSARs in

heads of children and adults (ratios of psSARs close to 1).
One notable exception was a study published in 1996 by
Gandhi et al. [5] that compared RF exposure in model heads
representing those of an adult and 5- and 10 year old children,
using monopole antennas of electrical length λ/4 or 3λ/8 at
835 and 1900 MHz (where λ is the free-space wavelength of
the radiation). The child head models were created from the
adult model (Visible Man) by scaling the voxel size by factors
of 0.63 and 0.69 in the vertical and horizontal directions,
respectively, for the 5 year old child, and 0.78 and 0.80 for
the 10 year old child. The authors reported a 53% higher
1-g psSARs in the child heads at the lower frequency
(835 MHz). Curiously, Gandhi et al. [5] found a slightly
smaller (14%) 1-g psSAR in the child head model
at 1900 MHz.
At both frequencies, the fraction of the radiated energy

from the phone that was absorbed in the head and neck was
approximately 10% smaller in the child vs. adult headmodels,
but the SAR averaged over the head was higher in the child
models (a consequence of smaller head size). The authors
attributed the higher 1-g psSAR in the child’s head to the
thinner pinnae in the child head models, which would place
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the antenna closer to the head. Also, reducing the thickness
of the pinna would reduce the absorption of RF energy in
superficial tissues, potentially increasing the SAR in deeper
tissues.

Gandhi’s 1996 study [5] attracted widespread atten-
tion, both by public and by dosimetry researchers who
attempted to reconcile these results with discordant results
from other studies. In a lengthy 2005 review of the issue,
Christ and Kuster [6] remarked that ‘‘the higher values for the
peak and 1 g average SAR at 835 MHz (in [5]) may be due to
changes in the positioning of the source caused by the thinner
ears. They are not consistent with the authors’ own findings
at 1900 MHz’’. These writers also noted that Gandhi et al. [5]
had used unrealistically small models for the children’s heads.
Data on head circumference of children [7] suggest that more
appropriate scaling factors would be 91 and 95% of the size
of adult heads for 5 and 10 year old children. ‘‘The head
dimensions of the scaled children [in [5]] correspond more to
those of a newborn than to those of a 5 or 10 year old child’’,
Christ and Kuster [6] noted.

These same authors also pointed out that Gandhi et al. [5]
had normalized the output of the antennas with different
models by keeping the output power constant (power normal-
ization) whereas other studies normalized their calculation in
terms of antenna feedpoint current (current normalization).
Christ and Kuster [6] added:

‘‘Current normalization is used to investigate the effect
of the head anatomy (size, shape, tissue distribution).
Power normalization mixes the influence of the anatomy
and the influence of the scattered field on the feedpoint
impedance. . . The latter may strongly depend on the type of
the antenna and its position to the head. . .Thus, general
conclusions independent of antenna type are much more
difficult to derive from power normalization than from cur-
rent normalization because the incident magnetic field is the
dominant source for the absorption.’’
In a later study (2002) Gandhi and Kang [8] modeled the

exposures produced by simple antennas (monopole and heli-
cal antennas) in an adult headmodel and in upscaled (111.1%)
and downscaled (91.9%) versions of the baseline adult head
model. The investigators reported that ‘‘the peak 1 g body-
tissue SAR calculated . . . for smaller models is up to 56%
higher at 1900 MHz and up to 20% higher at 835 MHz com-
pared to the larger [upscaled] models.’’ Because the smaller
model is comparable in size, if not shape, to the head of a
5 year old child, these differences as functions of head size
are similar in magnitude but opposite in direction, showing
higher absorption in the smaller sized heads at 1900 vs.
850MHz, than reported by the same group in 1996. As before,
Gandhi and Kang attributed the higher psSARs in the smaller
head models chiefly to a thinner pinna in the smaller model.

Later, in 2006, de Salles et al. [9] reported age-related
effects on exposure, using anatomically based models
of heads of an adult and a 10-year old child head,
and simplified antennas (a microstrip patch antenna
and λ/4 monopole antenna) using power normalization.

The investigators adjusted the dielectric properties of the
tissues for age based on dielectric data from juvenile rats. The
study found that 1-g and 10-g psSAR were 60–70% higher in
the head of a 10 year old child compared to that in the adult
head model.
By contrast, most other investigators have reported no sig-

nificant differences in RF energy absorption in child head vs.
adult head models, as measured in terms of 1-g or 10-g
psSARs [10]–[26]. For example, Schönborn et al. [10], using
anatomically accurate models for heads of children and adults
found essentially the same 1-g and 10-g psSAR in child vs.
adult heads and also the same depth of energy penetration into
the head. Martínez-Búrdalo et al. [11] computed the SARs
produced by λ/2 dipoles in adult and scaled-down adult head
models and concluded that ‘‘[1-g psSAR] and [10-g psSAR]
all trend downwards with decreasing head size’’.

B. PENETRATION DEPTH
Probably the most eye-catching result (particularly to nonex-
pert readers) from Gandhi’s 1996 paper is shown in Fig. 2
(from [5]) which compares the SAR patterns in the models of
adult and children’s’ heads. A search using Google Images
located approximately 450 websites showing the image in
Fig. 2 or some version of it, where it is typically presented
as visual proof of deeper penetration of RF energy into heads
of children compared with adults. A similar set of false-color
figure in the later (2002) paper by Gandhi and Kang [8]
showed SAR patterns in all three differently size head models
that extended about the same distance into the head. That
figure has received considerably less attention on Internet
sites compared to Fig 2 (below) from the earlier (1996) paper.

FIGURE 2. SAR pattern in adult and scaled-down head models produced
by a quarter-wave antenna radiating 600 mW at 835 MHz. From
Gandhi et al. [5]. The child heads are scaled from the adult head model by
factors of 0.69 and 0.80 in the horizontal direction, but are shown to the
same scale in this figure. The SAR pattern is shown on a logarithmic scale
giving the impression of deeper penetration of RF energy into the brain of
children, a result not supported by other studies, including Gandhi and
Kang [8]. From [5] with permission.

For two reasons, Fig. 2 enhances the visual impression of
deeper energy penetration in the child head vs. adult head
model. First, the figures are shown on the same size on
the page and consequently have different distance scales.
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Two recent papers argue for higher exposure in children
compared with adults. A 2012 paper by Gandhi et al. with
the provocative title ‘‘Exposure Limits: The Underestima-
tion of Absorbed Mobile Phone Radiation, Especially in
Children’’ [31] states ‘‘When electrical properties are
considered, a child’s head’s absorption can be over two times
greater, and absorption of the skull’s bone marrow can be
ten times greater than adults’’. A later paper by several of
the same authors [33] (not including Gandhi) had a similarly
provocative title ‘‘Why Children Absorb More Microwave
Radiation than Adults: the Consequences.’’

Neither of these papers is a systematic review of the lit-
erature. Both papers are strongly argumentative in nature,
focused on what the authors considered to be inadequacies in
compliance testing and regulatory exposure limits for mobile
phone radiation (both topics are outside of the scope of this
review). Neither paper explains clearly in what sense the
absorption is higher. [31, Table 1] lists 12 studies, all of which
are cited in this present review. The entries in the table refer
to diverse SAR metrics including 1-g and 10-g psSAR, total
absorbed power, local SAR values, SAR averaged over the
entire brain, and exposures to parts of the body other than
the head. The authors do not consider studies that come to
conclusions inconsistent with their own.

The plain language meaning of ‘‘children absorb more
microwave radiation than adults’’ is that the total absorbed
power in the bodies of children from use of a mobile phone
will be higher than in the body of an adult. Gandhi’s own
work does not support such a claim. Gandhi’s 1996 study
[5, Table IX] shows that the fraction of the total output power
of the antenna that is absorbed by the head and neck in the two
child models was actually a bit lower than in the adult head
model. The SAR averaged over the volume of the brain was
considerably higher in the child head models. However this
average scaled almost exactly as the brain volume, indicating
that the total power absorbed in the brain was about the same
in all three head models.

V. DISCUSSION
Comparing the absorption of RF energy from mobile phones
in different subjects is a complicated and, in the public
arena, a highly politicized topic. Exposure comparisons can
be framed using different metrics of exposure, and advocacy
groups have not always been clear in specifying which metric
they are comparing.

‘‘Whether children absorb more RF energy from mobile
phones’’ has two aspects that have not been clearly differ-
entiated in previous discussions. The first is the possibility
of differences in SAR as determined in tightly controlled
simulations using handsets operating at maximum power
levels in precisely determined positions against the head,
which is appropriate for compliance assessment. The second
is the possibility of differences in exposures to children vs.
adults under uncontrolled, real-world usage scenarios. There
is almost no connection between the two exposure scenarios,
for reasons to be discussed below.

A. ‘‘WORST CASE’’ SIMULATIONS FOR
COMPLIANCE ASSESSMENT
Determining the SAR produced in the head of the user of a
mobile phone is a difficult near-field exposure problem that
is highly sensitive to small variations in methodology. The
calculated SAR depends critically on: the precise distance and
orientation of the antenna with respect to the head, the thick-
ness of the pinna and extent to which it is compressed when
a phone is placed against the head, as well as anatomical and
morphological variability in the heads of different individuals
(which may or may not be age-related). Millimeter variations
in distance from the handset to the head can introduce signif-
icant (�20% from Eq. 1) variations in the SAR.
In earlier studies using dipoles or other simplified antennas

(as opposed to realistic electrical models of mobile phones)
the method of normalizing the radiated power across models
was also a major potential source of variability. These sources
of variability may not have been adequately controlled in
some of the earlier studies reviewed here.
In part to address such issues, the International

Electrotechnical Commission (IEC) TC106 and the IEEE
International Committee on Electromagnetic Safety TC34 are
working jointly to develop protocols to standardize compu-
tational methods for mobile phone and other portable and
mobile communication devices, similar to standardized pro-
cedures that these groups developed for hardware-based SAR
measurements [38], [39]. Publication of these standards is
expected in 2015. These efforts will increase the consistency
of SAR calculations used for compliance assessment, but
will not address other sources in variability in SAR under
real-world exposure conditions.
Still considering worst-case simulations for compliance

assessment, other complications arise. Most of the studies
presently reviewed compared SAR levels in one adult and one
child headmodel (or adult headmodel down-sized to simulate
a child’s head). Except for a few very recent studies, they
were not designed to explore the effects of human variability
on SAR, which on the basis of [37] and other studies are
considerable.
Moreover, smartphones have become exceedingly com-

plex. Recent generation smartphones can transmit onmultiple
bands, each with different exposure characteristics to the user.
Phones also incorporate Wi-Fi and Bluetooth transmitters,
which are additional sources of RF exposure to the user.
To illustrate, the SAR Evaluation Report submitted to the

(U.S.) Federal Communications Commission in August 2014
for the iPhone 6 by Apple (Cupertino, CA), which is available
at the FCCEquipment Authorization Database,2 is a 193 page
document that reports RF exposures determined for: use
of the device as a phone, for data transmission as a body-
worn accessory, as a wireless router, or as an Airplay device

2FCC ID BCG-E2816A. The SAR reports for this phone can
be retrieved from the FCC Equipment Authorization Database
(https://apps.fcc.gov/oetcf/eas/reports/GenericSearch.cfm) by searching
on Grantee Code: BCG and a range of Final Action Dates from January to
December 2014.
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to stream media to another device. For the head, separate
SAR measurements were reported when the phone was in
four precisely specified positions (‘‘left touch’’, ‘‘left tilt’’,
‘‘right touch’’, ‘‘right tilt’’) in 17 different bands representing
GSM850, GSM1900, W-CDMA, CDMA and LTE services
(not all of which would be supported by any given handset),
measured separately and in combination with Wi-Fi and
Bluetooth transmissions. The 1-g psSAR measurements var-
ied by a factor of roughly 5 for this phone, just considering
cellular-band transmissions. Comparing the exposures across
a range of models in such a complex instrument would be a
major task.

B. EXPOSURES UNDER REAL-WORLD
USAGE CONDITIONS
Compliance evaluations of handsets are performed using
handsets that are placed in precisely defined locations and ori-
entations close to the head and operating at maximum power.
To obtain reproducible results, the tolerance in locating the
handset is small, a millimeter or less. This is appropriate
for compliance assessment (which is intended to determine
maximum potential RF exposures to the user in reproducible
assessments) but has little relation to real-word usage condi-
tions, where the phone can be used in a variety of modes and
at positions that can vary considerably from those defined for
compliance assessment.

Also, in real-world use, the output of a mobile phone is
powered down by the network to the lowest levels that will
provide adequate communication (adaptive power control).
As a result, mobile phones in real-world use typically trans-
mit at a small fraction of the power used for compliance
assessment, and the power output will change on a second-by-
second basis. For example, a Swedish survey [40] evaluated
800,000 hours of voice communication on 3G networks. The
average operating level of the handsets was less than 1% of
their maximum output power (1 mW average output power
of the handset, compared to a maximum output of 125–
250 mW depending on the band). For voice calls, the W-
CDMA handsets operated at substantially lower power levels
(but higher duty cycle of transmission) than GSM handsets.

Thus, two apparently identical handsets (for example, two
iPhone 6’s configured for GSM andW-CDMA, respectively),
used for voice calls at the same time and same location with
different networks, will produce widely different SAR levels
in the user, both levels on the average far below those obtained
during compliance assessment. While this does not neces-
sarily translate to an age-dependence in the exposure to the
user, the very high variability in exposure during real-world
use means that the highly standardized, maximum power
exposure assessments used for compliance assessment will
have little predictive value for real-world exposures. At best
they may provide an upper limit to exposure, but the actual
exposure to the user of a mobile phone will under most
circumstances will be far lower.

In summary, simple generalizations found on the Internet
about ‘‘kids absorbing more RF energy than adults from

cell phones’’ aren’t supported by available dosimetry studies.
To the extent that children have different usage patterns than
adults, there may well be differences in exposure, but such
differences are likely to be at exposure levels far below current
exposure limits.
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