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Abstract—A multidisciplinary project was conducted to study the possible 
biological impact of mobile phone emissions. As part of that project, we 
conducted a pilot study on 18 human volunteers, with the treatment being 
GSM mobile phone exposure. The volunteers were randomized and the stu-
dy was a double-blind, crossover design. Two categories of oxidative stress 
biomarkers were followed and measured in blood and exhaled air: those 
assessing oxidative attacks of cell membrane lipids (malondialdehyde, 
exhaled alkanes, aldehydes, and isoprene) and those accounting for the 
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organism’s antioxidant defense systems (superoxyde dismutase, glutathion 
peroxydase, and exhaled halogenated alkanes). The overall entropy of the 
system with and without GSM exposure was then calculated for each vo-
lunteer, using a statistical approach based on the global entropic difference 
of raw data. A significant modulation of organization of the biomarkers 
after 30 minutes of mobile phone exposure was found, as evidenced by a 
decreased entropy of the dataset associated to the emitting mobile phone 
condition. While these results illustrate neither deleterious effects nor the 
innocuity of mobile phone use, they nonetheless constitute evidence of 
actual interactions of these wavelengths with complex biological systems. 
These results will need to be confirmed in larger, future studies.

Introduction

Despite much contrary evidence, there is continued concern that 
electromagnetic fields (EMF) might affect human health (Kheifets, 
Swanson, Kandel, & Malloy 2010, Repacholi, Saunders, van Deventer, & 
Kheifets 2005). In addition to the extremely low frequency EMF (ELF) 
emitted by domestic electrical apparatus and supply lines, mobile phones 
are the most common source of daily exposure to EMF. The GSM (“Global 
System for Mobile”) network and its more recent evolutions, emitting fields 
from 900 to about 2,000 MHz, are the most widespread form of mobile 
communications (http://www.gsm.org). The rapid expansion of these 
devices and dedicated infrastructures very legitimately raised questions 
about the effects of their associated radiofrequencies (RF) on human health, 
making this topic the subject of much public health debate. As of today, 
research has been very active but failed to reach consensus, as data and 
conclusions remain anything but clearcut (Genuis 2008, Carpenter, & Sage 
2008, Otto & von Muhlendahl 2007). 

While numerous studies conclude that there is a lack of a biological 
effect or association with pathology, other results from both in vitro or 
in vivo animal studies point to possible effects (Lerchl, Kruger, Niehaus, 
Streckert, Bitz, et al. 2008, Panagopoulos, Chavdoula, Nezis, & Margaritis 
2007, Ammari, Lecomte, Sakly, Abdelmelek, & De Sèze 2008, Del Vecchio, 
Giuliani, Fernandez, Mesirca, Bersani, et al. 2009, Ragbetli, Aydinlioglu, 
Koyun, Ragbetli, Bektas, et al. 2010). Physiological biomarkers–based 
studies on human volunteers exposed in vivo are not as widespread 
(Soderqvist, Carlberg, Hansson Mild, & Hardell 2009), in contrast to studies 
centered on behavioral and cognitive endpoints (Panda, Jain, Bakshi, & 
Munjal 2010, van Rongen, Croft, Juutilainen, Lagroye, Miyakoshi, et al. 
2009), studies describing ex vivo exposure of human samples (Belyaev, 
Markova, Hillert, Malmgren, & Persson 2009), or classical epidemiology/
meta analysis studies (Makker, Varghese, Desai, Mouradi, & Agarwal 
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2009). Importantly, RF and sham exposures of humans require strong 
multidisciplinary and interdisciplinary control and knowhow, ranging from 
the exposure setup itself to the biomarkers and the statistical analysis. 
Based on the putative effects of EMF on cellular components, some of these 
studies, alongside numerous animal studies, have focused on the potential 
influence on oxidative stress (Moustafa, Moustafa, Belacy, Abou-El-Ela, & 
Ali 2001, De Iuliis, Newey, King, & Aitken 2009, Agarwal, Desai, Makker, 
Varghese, Mouradi, et al. 2009, Tomruk, Guler, & Dincel 2010, Dasdag, 
Akdag, Ulukaya, Uzunlar , & Ocak 2009). Indeed, the equilibrium between 
oxidant and reductive species is precisely regulated, making this balance a 
suitable and important target for the investigation of possible effects of EMF. 
The usual ways to investigate this phenomenon rely on either monitoring 
the activities of the antioxidant defense systems per se or, alternatively, 
examining the presence of the free radicals directly or that of byproducts of 
their interactions with biological macromolecules.

In the present study, the activity of superoxide dismutase (SOD), 
which specifically removes superoxide anion and that of glutathion 
peroxidase (GPx), scavenging various peroxides via concomitant oxidation 
of glutathione, were monitored as prominent actors in the enzymatic 
antioxidant system (Gelain, Dalmolin, Belau, Moreira, Klamt, et al. 2009, 
Giustarini, Dalle-Donne, Tsikas, & Rossi 2009). On the other hand, volatile 
organic compounds (VOCs) such as alkanes (in native or halogenated states, 
referred here to as, respectively, BAA and BHA), aldehydes and isoprene 
found in the breath, and malondialdehyde (MDA) in erythrocytes were 
assayed as products of degraded lipids, downstream of the initial oxidizing 
attack of the free radicals (Phillips 1997, Phillips, Herrera, Krishnan, 
Zain, Greenberg, et al. 1999, Phillips, Cataneo, Greenberg, Grodman, 
Gunawardena, et al. 2003, Phillips, Cataneo, Ditkoff, Fisher, Greenberg, et 
al. 2003).

We evaluated the biomarkers’ modifications in the course of the study 
with standard ANOVA tests, but more importantly using an innovative 
statistical analysis strategy consisting of entropy calculation to measure 
the degree of organization of the whole system (Durbin, Eddy, Krogh, & 
Mitchison 1998). The portions of the global dataset (comprising every single 
measurement of the study) corresponding to either the treated or the untreated 
conditions could then be compared to highlighted changes in their respective 
entropy. Our global effect analysis is expected to remain robust and effective 
in addressing questions such as the present one where wide inter-individual 
and even intra-individual variations are described, which might otherwise 
hide finer effects if any are present. The entropy calculation method is thus 
central to the present study. Noteworthy, the biomarkers were collected for 
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24 human volunteers before and after a single exposure to a 30-minute GSM 
emission (900 MHz, SAR [specific absorption rate] 0.3 W/kg). The phone 
was positioned with respect to each volunteer’s head as it would be during 
regular operation, albeit through the use of a hands-free attachment system 
eliminates the need to actually grasp and hold the device.

Importantly, our results indicate a significant change in the organization 
of the biomarker panel constituted by the totality of each sample and 
individual systemic redox-related species analyzed. As such and under 
carefully controlled conditions, this work illustrates biological modulations 
that can only be attributed to a non-thermal effect of GSM exposure. 
Naturally, these studies need to be confirmed with a greater number of 
volunteers and integrated in a wider research project on the effect of mobile 
phone emissions on human biomarkers using lifelike (typical) exposure.

Materials and Methods

Ethics Statement

Each detail of the investigation was approved by the Comité de Protection 
des Personnes (CPP), the French commission in charge of ethical questions 
and agreements related to studies on human volunteers. The latter were made 
fully aware of the experimental procedure using a walkthrough document 
prior to giving their written consent.

Subjects

Healthy adult individuals (12 women and 12 men, age between 20 and 35 
years) volunteered to participate in this study. 3 volunteers out of 24 were 
excluded from this study because they displayed high rates of C-reactive 
protein, a biomarker of inflammation (Elkind 2010, Genest 2010, Kaysen 
2009), and three others did not participate integrally, not allowing full 
collection of the required samples. Eventually, 18 volunteers fully completed 
the study. All subjects were non-smoking, were not taking any medication, 
and did not regularly engage in intensive physical activities. There were no 
detectable caries in their mouths nor were there any signs of inflammation 
before exposure. On the day of the experiment, volunteers were kept 1 hour 
at rest before installation of a collection catheter, experimental samplings, 
and mobile phone exposure, “On” or “Sham”.

Mobile Phone Exposure 

Each volunteer participated in 2 one-day sessions, separated by a week, one 
including an actual EMF exposure (test) and the other a simulated (SHAM) 
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pseudo-exposure without any kind of emission; the day of actual exposure 
was randomly distributed among volunteers. A Motorola dual-band mobile 
phone, M3688 (900–1800 MHz), was used and located near the right ear 
using a PVC head holder, as previously used in the COMOBIO study of 
Maby, Le Bouqin, Faucon, Liegeois-Chauvel, and De Sèze (2005). This 
system guaranteed good reproducibility of phone positioning. During the 
actual exposure session, participants underwent a 900 MHz radiofrequency 
field for 30 min, pulsed with a repetition rate of 217 Hz with a pulse 
width of 0.576 ms at 250 mW mean full power. The SAR over 10 g of 
tissue, calculated and measured as specified on the IEC 85-214 standard, 
was 0.3 W/kg for the actual emission. The EMF exposure was carried out 
under double-blind conditions: Phones were activated through a test card 
controlled by codes on the keyboard by one experimenter, but on half of 
the phones the RF signal was routed to an internal resistance. A second 
investigator handled and installed the phone on each volunteer, ensuring 
the local experimenter and volunteers were not aware of the actual status 
of emission.

Exposure Control

Continuous monitoring of all exposures was performed through 2 PMM 
8053 recorders during the experiments. The recorders were hidden so that 
volunteers could not see them nor be troubled by unknown devices. The 
electric field was measured every 10 seconds during the 4 hours of one 
single session for 4 volunteers. Each day, recordings were downloaded on a 
PC and sent to external collaborators who checked the correct course of the 
study. Samples from blood and expired air were collected in the morning 
and in the afternoon (three time-points before exposure and three time-
points after exposure). Three markers were measured in blood: GPX, SOD, 
MDA. Four markers were measured in expired air: BAA, BHA, Aldehyde, 
Isoprene. The original design was evenly randomized in order to separate 
exposure and day effects. The exposed or non-exposed status was disclosed 
to the experimenters only after the data was statistically analyzed.

Sampling 

A first batch of blood and exhaled air samples was collected during a 1-hour 
window prior to exposure. After the 30 minutes of mobile phone exposure, 
three additional samplings were performed, three exhaled air samples were 
collected during the first hour following exposure and three blood samples 
collected within two hours following exposure. Logistics and apparatus 
requirements made simultaneous cohort-wide sampling impossible, as such 
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samplings were individually scheduled to ensure volunteers had comparable 
time points on both experimental days. 

Peripheral blood was drawn from an intravenous catheter (Jelco 18G, 
Rossendale, UK) with subjects in a sitting position. 5 mL of whole blood was 
collected in a lithium heparin tube (BD Vacutainer LH 119IU, Plymouth, 
UK), inverted 3 times, and spun immediately in a centrifuge (2,000×g, 15 
minutes at room temperature). Supernatant was discarded and red blood 
cells were washed 2 times with a cold isotonic NaCl 0.9% solution by 
inversion and centrifugation (2,000×g, 5 minutes at room temperature). 
After each centrifugation, the supernatant and white blood cells interface 
were removed. Erythrocytes were stored in 500 μL aliquots at –20 °C prior 
to analysis.

Collection and gas chromatography–mass spectrometry (GC–MS) of 
the volatile organic compounds in human alveolar breath were performed 
using a dedicated, transportable apparatus (Exp’Air, AR2i, France) that 
specifically sampled alveolar breath. Briefly, the technique carried out in this 
study is a concentration method using a pump and active carbon-containing 
cartridges. Subjects are breathing room air through the apparatus via a set 
of valves, but upon reaching the end of each breath a procedure is carried 
out to isolate the final exhalation corresponding to the alveolar breath. 
This enabled collection of a concentrated alveolar breath sample through 
the Carbotrap 200 glass tube (Supelco, Sigma-Aldrich, France) across 2 
minutes of effective pump work. After collection using this transportable 
system, the adsorptive trap was removed and sealed in a screwtop glass 
storage container prior to GC–MS analysis for volatile compounds.

Biomarkers Analysis

SOD: Superoxyde dismutase activity (SOD Cu/Zn) was measured with 
a commercial kit (RANSOD, Randox Laboratories, Ardmore, UK) based on 
the method developed by McCord and Fridovich (1969).

GPx: Glutathion peroxidase GPx activity was determined with a 
commercial kit (RANSEL, Randox Laboratories, Ardmore, UK) using a 
method based on that developed by Paglia and Valentine (1967).

MDA: A fluorimetric method, developed by Conti, Morand, Levillain, 
and Lemonnier (1991), was used to determine total MDA in erythrocytes. 
Briefly, 50 μL of erythrocytes solution was added to 1 mL of 10 mmol/L 
diethylthiobarbituric acid (DETBA) in phosphate buffer (0.1 mol/L, 
pH 3). The mixture was mixed for 5 s and incubated for 60 min at 95 °C. 
Samples were placed in ice for 5 min and then 5 mL of butanol was added. 
The DETBA-MDA adduct was extracted by shaking for 1 min, then 
centrifuged at 1500×g for 10 min at 4 °C. The supernatant was collected 
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and the fluorescence intensity measured at 553 nm. Results were quantified 
by comparison with the standard curve obtained with standard solutions 
prepared in the same conditions.

Expired alkanes, halogenated alkanes, aldehydes, and isoprene: 
The samples were thermally desorbed, and alkanes and halogenated alkanes 
were analyzed using a gas chromatograph GC 8000 TOP coupled with the 
mass-spectrometric detector device Automass II (electron ionization) led by 
Xcalibur software (Finnigan Corporation, Quad Services, Poissy, France). 
Compounds were identified by reference to a computer-based library of 
mass spectra. 

Statistical Analysis

A multiple testing strategy (multivariate and univariate) was planned at the 
outset of the conception of this study, based on observations derived from a 
similar but unrelated in-house study. This resulted in one single multivariate 
p-value associated with entropy calculation along with marker-specific 
univariate p-values. As a consequence of that configuration, the single 
multivariate p-value was multiplied by two to adjust for test multiplicity, 
while univariate p-values were corrected for multiplicity using Bonferroni 
correction and then multiplied by two as well.

ANOVA test: For each volunteer on each day, there are 6 values for 
each biomarker, 3 samples collected before exposure (T01–T03) and 3 
samples collected after (T1–T3). For each day and biomarker, the values 
T01, T02, and T03 were averaged, lending a single value. 3 ratios were then 
computed by dividing each of the 3 post-exposure measurements (T1, T2, 
and T3) by this average. As a consequence, the final dataset for each of the 
latter comprise 6 entries: 3 ratios of sham exposure and 3 ratios of actual 
GSM exposure (at this point the type of exposure is still undisclosed; only 
exposure days are known). A global mean effect was eventually calculated 
based on these 6 entries and subtracted from each individual ratio, leading 
to the final dataset suited for ANOVA analysis. A regular two-way ANOVA 
was computed, including correction multiplicity targeting “group” and 
“volunteer” effects on the ratio of afternoon measurements over the average 
of morning measurements. There are 7 biomarkers under consideration and 
a multiple testing strategy (multivariate and univariate), so a Bonferroni 
factor of 14 was used for multiplicity co rrection. Information about the 
nature of exposure for all volunteers on each day is then disclosed for final 
presentation of results. 

Multivariate analysis: To perform multivariate entropy analysis, 
a table was set up with 126 columns (18 volunteers × 7 biomarkers) by 
12 rows (6 samples × 2 days). The first six rows of non-exposure (sham) 
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were labeled “A” and referred to as dataset OFF, while the last six rows of 
EMF treatments were noted “B” and referred to as dataset ON. Note that 
exposure was randomized so as to distribute the actual or sham exposure on 
different days for the different volunteers.

Entropy calculation: Entropy is a statistical measure of randomness 
that can be used to characterize the texture of the input image. Entropy 
is defined as: −Σ(p*log(p)) where p contains the histogram of the gray 
levels used in the image. Each column of the dataset ON or OFF was scaled 
(divided by its average) to put columns on a comparable scale. The entropy 
calculation depends on resolution, the number of bins in the histogram. An 
insufficient resolution results in a sharp decrease in the entropy, merely 
indicating that substantial information has been lost. The entropy achieved 
with three or four decimal points is still close to the maximum reached 
when the number of decimal points exceeds five, so we decided to run the 
permutation test with three and four decimal points and considered the 
mean p-value.

Results and Discussion

18 of the recruited 24 volunteers completed the study. The 30-minute 
EMF duration was chosen since it represented a significant exposure while 
remaining plausibly close to normal usage. Figure 1 illustrates the whole 
sampling and exposure strategy, described further here. Following their 
inclusion in the study, volunteers committed to following strict guidelines 
at least for one whole day (or more, whenever possible and if desired) 
before participation in the experiments. The latter included avoiding use of 
personal mobile phones, alcohol and pharmaceutical drugs intake, intense 
physical activity, and any possibly stressful situation. Upon their arrival 
by means of non physically exerting transportation means on the day of 
the experiments, volunteers were first invited to rest for one hour in a 
relaxed sitting position to reduce extraneous stress and to allow for gentle 
adaptation to the conditions of the study. As Figure 1 indicates, the first 
collection of both breath and blood samples took place after this resting 
period: Over the span of another hour, 3 breath and 3 blood samples were 
collected for each volunteer as described in Materials and Methods. These 
samples thus constituted the resting, pre-exposure status for all biological 
parameters explored, referred to as “T0”. Volunteers then underwent either 
the sham or the actual GSM exposure depending on the group they were 
assigned to. Indeed, the two different modes of exposure took place for each 
participant on two different days separated by a whole week and distributed 
in a double-blind, randomized fashion. Thus, one half of the volunteers 
received a sham exposure while the other half underwent actual exposure 
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on day 1 and vice-versa on day 2, enabling us to cancel out the day effect. 
In between the two experimental days, separated by exactly one week, the 
participants were asked to abide by the aforementioned daily-life behaviors 
as thoroughly as possible to reduce possible impact of these activities on 
any subsequent measurements. The experimenters made sure to carefully 
monitor that over the duration of the study no volunteer developed skin 
redness, rashes, or expressed discomfort or illness of any kind at any time. 
Local heating due to the exposure device (mainly the phone itself but 
also to the bands and supports used to reproductively position it against 
the volunteers’ heads) was virtually non-existent regardless of the type of 
exposure, as were the local thermal effects expected from the actual GSM 
emission. Hence at the end of the study, each participant had undergone 
the two types of exposures, sham and GSM, without themselves or the 
operators being aware of which exposure was applied at any given moment. 
Disclosure of the exposure pattern and data assignation was carried out only 
after all statistical analyses were performed. The study was triple-blind; 
neither volunteer, experimenter, nor the statistician knew the treatment 
until after the analysis was entirely computed and results gathered. As again 
illustrated in Figure 1, 3 breath samples were then collected in the span 
of the first hour immediately following either treatment, while 3 blood 
samples were drawn in parallel, but on a slightly longer time interval of two 

Figure 1.  Sampling protocol implemented during each experimental day. Two 
similar experimental days took place across two consecutive weeks, with 
each volunteer randomly ascribed either to the sham or actual GSM 
exposure group for any given day. Each volunteer experienced the two 
types of exposures at the end of the experimental campaign.
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hours. These samples were denoted T1–T3, and refer to the post-exposure 
status of all parameters followed. This slight offset in sampling time reflects 
the respective expected onsets of the various biomarkers monitored: Breath 
markers of oxidative stress are known to appear relatively early while blood 
antioxidant enzymatic activities or peroxylipids were expected somewhat 
later, although they also are known to be rather quick-responding systems 
(Larstad, Toren, Bake, & Olin 2007, Corradi, Alinovi, Goldoni, Vettori, 
Folesani, et al. 2002). Table 1 lists the results of the measurements of blood 
antioxidant enzymatic activities and breath oxidative metabolism markers 
thus obtained, as described in more detail in Materials and Methods. 
All values obtained for the 3 samples of either matrix, both before and 
after exposure and for every volunteer, were averaged in the present set. 
Intuitively, the results therein do not seem to point to an obvious influence 
of the exposure on whatever biomarker was considered. However and 
importantly, it should be noted that these calculations are, in the present 
form, not intended nor suited for actual statistical analysis, as they lack 
crucial computations such as subject effect and confidence interval among 
other things. Table 1 is given here for reference and serves to ascertain 
that the measured levels of each parameter are in line with those expected 
(simultaneously shedding light on sampling and measurement quality).

TABLE 1
Mean Blood Antioxidant Enzymatic Activities and

 Breath Oxidative Metabolism Markers Before (T0) and After (T) Sham or Actual 
EMF Exposure as Measured in the Entire Volunteer Panel

Erythrocytes Breath

GPx
(U/g Hb*)

SOD
(U/g Hb*)

MDA
(nmol/g 

Hb*)

BAA
(index)

BHA
(index)

Isoprene
(ng)

Aldehyde
(ng)

Sham
T0 57.5 ± 3.0 1198 ± 15 25.5 ± 1.0 6.3 ± 0.6 6.3 ± 2.0 1302 ± 161 439 ± 36

T 57.2 ± 3.2 1186 ± 15 24.9 ± 0.9 6.1 ± 0.5 4.0 ± 1.1 1421 ± 180 417 ± 35

EMF
T0 58.1 ± 3.1 1200 ± 12 25.4 ± 1.0 5.2 ± 0.4 3.3 ± 0.7 1093 ± 131 424 ± 33

T 56.9 ± 3.1 1188 ± 14 24.9 ± 1.0 6.3 ± 0.4 3.7 ± 0.6 1512 ± 140 486 ± 38

Values are means ± S.E.M.

Hb = Hemoglobin, GPx = Glutathion Peroxidase, SOD = Superoxide Dismutase, MDA = Malondialdehyde, BAA = 

alkanes, BHA = Halogenated alkanes.
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That said, application of the entropy analysis itself was done on the 
global dataset comprising every single measurement / experimental point 
taken individually, as described in Materials and Methods. This process 
resulted in two datasets: The ON dataset corresponded to the matrix of 
126 columns (7 markers × 18 individuals) by 6 rows (3 T0 + 3 T1 values 
measured during exposure day), whereas the OFF dataset corresponded to 
the similar matrix of 126 × 6 values measured during non-exposure day. In 
order to make a quantitative assessment of the level of contrast in the ON 
dataset, we calculated its entropy. Intuitively, the most organized dataset 
has the lowest entropy. Now, the question of how low the entropy should 
be to prove significantly low can be answered by applying a resampling-
based testing strategy (Westfall & Young 1993): For this we compared the 
entropy of the dataset ON with the entropies of thousands of permuted 
datasets obtained through random selection of eight individuals arbitrarily 
exposed to GSM emission on day 1, whereas the ten remaining individuals 
were arbitrarily exposed on day 2. Specifically, each permuted dataset was 
obtained by: (i) picking up at random 8 individuals among the 18 individuals, 
(ii) labeling them as exposed to GSM emissions on day 1 (independently 
of the actual day of exposure for each individual), (iii) labeling the 10 other 
individuals as exposed to GSM on day 2 (again independently of the actual 
day of exposure for each individual). The number 8 was chosen to reflect 
the fact that due to the initial randomization of exposure sequences on the 
24 starting volunteers and the completion of the study by only 18 of them, 
only 8 volunteers were exposed to the actual GSM emission on day 1. In 
these conditions, there were 43,758 possible permutations, one of them 
resulting in the particular dataset ON. We then counted the number of the 
random datasets generated, which entropies prove lower than the tested ON 
dataset. The ratio of this number over the total number of random datasets 
constitutes the significance (p-value) of the entropy of the tested dataset. 

Another important point to be noted is that null values for BHA and 
Isoprene levels were naturally found in numerous samples because of the 
known detection limit of the technology used and with regard to common 
physiological levels. However, these measurement values could not be 
simply set arbitrarily at the detection limit in the original dataset because 
of the important number of identical values it would have generated. 
Indeed, random permutations that would assign values that are all equal 
to the detection limit into the same dataset would artificially present much 
lower entropy, and background noise of such datasets would be grossly 
underestimated. Thus, in order to prevent a bias in our multivariate test, 
we imputed random values for samples measured below the detection limit 
using a uniform distribution (in order to minimize assumptions on the error 
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model). Since ON and OFF state values could fall below the measurement 
threshold, both types of measurements could result in missing values. 
Consequently, our test statistic is not biased by imputation.

Nevertheless, the entropy reduction might turn out to be unduly 
sensitive to the model used to fill in these missing values. Therefore, to 
ensure that our multivariate test stood robust to this imputation, a spectrum 
of 30 different datasets was created, each with imputed values below 
detection limit, prior to application of the multivariate test on each of these 
datasets. Eventually, for 23 out of the 30 tests, entropy of dataset ON was 
found to be significantly lower than the usual level of 0.05. Specifically, 
p-values ranged from as low as 0.005 up to 0.074, with median p-value 
equal to 0.0202. Since we have a multiple testing strategy (multivariate and 
univariate), we applied a simple multiplicity adjustment by multiplying 
the p-value by two. Even then, the median p-value was still lower than 
0.05, showing that knowledge of exposure status while constructing 
the dataset resulted in a significant decrease in the entropy of dataset B. 
The “cleaner,” more homogenous organization of dataset ON could only 
be attributed to an event taking place between sample collection in the 
morning and samples collected in the afternoon, hence most probably the 
exposure to the radiofrequencies. Indeed and importantly, note that if this 
greater organization were just a time-of-day effect, we would have seen 
more organization on the sham treatment day as well (dataset OFF). On the 
contrary, the p-value for dataset OFF always proved insignificant for any of 
the created datasets (p-value > 0.5).

TABLE 2
Significance of the Entropy Represented by the p-Value 

of the Tested Sub-datasets ON and OFF

Sub-dataset 

ON

Sub-dataset 

OFF

Raw data 0.0202 * ns

Raw data without outliers a 0.0169 * ns

Raw data without outliers lines b 0.0205 * ns

* significant (p< 0.05).   

ns: not significant.
a 7 outliers out of 864 values.
b 28 outliers out of 864 values.
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Additionally, we applied the multivariate testing strategy to the 
dataset cleared from outliers after implementation of a dedicated statistical 
analysis. Results became even more significant: Depending on whether we 
either mathematically removed only the seven found outliers or even more 
stringently the entirety of measurements datamined from breath-collection 
cartridges displaying such outliers, median p-values were found to be 
equal to 0.0169 and 0.0205, respectively. Regardless, all p-values based on 
different imputations remained below 0.05. The integrality of these results 
is summarized in Table 2.

We also applied more classical statistical tools such as least square 
means and ANOVA calculation to the measurements obtained. As shown in 
Table 3, notable increases were only evidenced in all expired air markers, 
albeit only the BAA increase eventually proved significant, with a p-value 
of 0.0013, and remained so even after stringent multiplicity correction, with 
a final p-value of 0.0182. These observations are paramount in the sense that 
they vouch for the superior relevance of the entropy calculation strategy in 
the context of extended, wildly varying datasets. These may indeed present 
minute variations across the board (something which is expected for the 
complex networks and equilibriums of physiological systems), albeit with 
no one parameter individually shifting enough to register positive via 
classical approaches, even though this was not the case here as illustrated 
by the BAA. Of note, all the permutations and corrections implemented 

TABLE 3
ANOVA Calculation and Biomarkers Expression Comparison between

Sham or Actual EMF Exposure as Measured in the Entire Volunteer Panel

Erythrocytes Breath

GPx SOD MDA BAA BHA Isoprene Aldehyde

Sham exposure a 0.98 0.99 1.00 1.02 1.36 2.13 1.03

EMF exposure a 0.99 0.99 1.00 1.50 2.81 2.44 1.24

% Change a 1% 0 0 +47% +107% +15% +24%

p-value 0.8462 0.9037 0.9179 0.0013 b 0.0333 b 0.6516 0.0932

Corrected p-Value d 1 1 1 0.0182 c 0.4662 1 1

a Values are least square means, percent change calculated as increase of EMF mean vs. Sham mean.
b Significantly different from sham exposure using ANOVA test (p < 0.05).
c Significantly different from sham exposure after adjustment for test multiplicity (p < 0.05).
d Bonferroni correction using a factor of 14 (7 biomarkers and both multi- and univariate testing strategies).
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during entropy assessment ensured that this single result alone could not 
“weigh in” enough to explain the observed modulations, which is owed to 
the global evolution of the entire dataset versus the impact of only a handful 
of measurements.

Conclusion

The results of the present study, at least in our experimental conditions, 
support the hypothesis of non-thermal effects of mobile phone-emitted 
electromagnetic fields on biological tissues and/or functions. As such, the 
data illustrate modulations of chosen biomarkers associated with or directly 
implicated in oxidative stress response/onset in human organisms. This is 
in agreement with observations reported in other studies, although in very 
different experimental conditions, which in the end tends to enforce the 
initial statement (Xu, Zhou, Zhang, Yu, Zhang, et al. 2009, Ozgur, Guler, & 
Seyhan 2010, Kovavic & Somanathan 2010).

The manifestations of oxidative stress-related events were chiefly 
evidenced by a significant increase of alkanes in the breath of volunteers (at 
the exclusion of all other pro-oxidant actors monitored) who participated 
in the study. In parallel, the activities of the antioxidant enzymes SOD and 
GPX did not seem to be modified in erythrocytes. However, it should be 
noted here that the aforementioned results were obtained through a classical 
ANOVA testing that, in essence, singles out each biomarker and the various 
measurements associated with them. Interestingly, the implementation of 
the multivariate, entropy-based analysis of the dataset taken as a whole (as 
opposed to segmented into each individual biomarker and value) painted 
a much different picture. The latter revealed global modulations across 
the board, modulations that appeared individually, with the exception of 
BAA, too minute to score significantly for a given parameter but in the end 
confirming a global interaction of the applied electromagnetic fields upon 
the entirety of the data gathered.

Although it is likely, still, that the overall oxidative balance was not 
dramatically offset by the mobile phone exposure in the end, it is important 
to remember that all biomarkers chosen were systemic and monitored in 
the complex compartments and interfaces that blood and breath constitute. 
Hence, the potential relevance in terms of biological effects, while 
impossible to ascertain based solely on these observations, should not be 
too hastily ignored.

In conclusion, these data illustrate interactions of EMF emitted by mobile 
phones with whole biological systems, in a context that still presents no clear 
consensus (Verschaeve, Juutilainen, Lagroye, Miyakoshi, Saunders, et al. 
2010, Gaestel 2010, Ziemann, Brockmeyer, Reddy, Vijayalaxmi, Prihoda, et 
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al. 2009, Kundi & Hutter 2009) regarding that particular issue. Results must 
naturally be confirmed with more subjects in a similar experimental setup; 
nevertheless, the design proposed here undoubtedly allows for appropriate 
statistical robustness and relevance of exposure and readouts in its present 
form. It would surely prove very enlightening to extend this investigation to 
chronic EMF exposures in an identical context in order to explore potential, 
longer-term effects of the use of cellular phones in human organisms.
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