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Background: Given the increasing clinical use of PET/MRI, potential risks to patients from simultaneous exposure to
ionising radiation and (electro)magnetic fields should be thoroughly investigated as a precaution. With this aim, the
genotoxic potential of 2-deoxy-2-['®Flfluoro-D-glucose (['®FIFDG) and a strong static magnetic field (SMF) were
evaluated both in isolation and in combination using the yH2AX assay detecting double-strand breaks in

Methods: Thirty-two healthy young volunteers allocated to three study arms were exposed to ['*FIFDG alone, to a
3-T SMF alone or to both combined over 60 min at a PET/CT or a PET/MRI system. Blood samples taken after

in vivo exposure were incubated up to 60 min to extend the irradiation of blood by residual ['®FIFDG within the
samples and the time to monitor the yH2AX response. Absorbed doses to lymphocytes delivered in vivo and

in vitro were estimated individually for each volunteer exposed to ['®FIFDG. yH2AX foci were scored automatically

Results: Absorbed doses to lymphocytes exposed over 60 to 120 min to ['"8FIFDG varied between 1.5 and

3.3 mGy. In this time interval, the radiotracer caused a significant median relative increase of 28% in the rate of
lymphocytes with at least one YH2AX focus relative to the background rate (p = 0.01), but not the SMF alone
(p = 047). Simultaneous application of both agents did not result in a significant synergistic or antagonistic

Conclusion: There is no evidence of a synergism between ['®FIFDG and the SMF that may be of relevance

Keywords: PET/MRI, Static magnetic field, ['®Flfluorodeoxyglucose, Genotoxicity, yH2AX assay, Synergistic

Introduction

Due to impressing technological advances achieved in
recent years [1-3], hybrid PET/MRI has become an
established imaging procedure in clinical practice. Des-
pite of an ongoing debate about specific clinical
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indications, it undoubtedly offers promising potential for
personalised medicine based on anatomic, functional
and molecular image data acquired in a single examin-
ation [4-7]. Furthermore, PET/MRI avoids exposure to
X-rays substantially contributing to the exposure of pa-
tients in PET/CT or SPECT/CT [8, 9]. On the other
hand, there are also risks and health hazards to patients
associated with the three different (electro)magnetic
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fields used in MRI [10] so that exposure levels are
limited [11].

Current regulations and safety standards, however, ad-
dress only risks related either to ionising radiation or
(electro)magnetic fields without considering potential
synergisms (or antagonisms) between them- such as on
DNA damage and repair that may result in an increased
genotoxicity of PET radiotracers [12]. Increasing clinical
uses of PET/MRI therefore require to thoroughly inves-
tigate this aspect at exposure levels occurring at PET/
MRI systems.

Of particular interest are potential synergisms between
the strong uniform static magnetic field (SMF) used in
MRI and ionising radiation emitted by PET tracers. Pa-
tients undergoing PET/MRI examinations are continu-
ously exposed to both agents over a longer period.
Moreover, various cell and animal studies found that
SMF in combination with ionising radiation produces a
significantly different outcome compared with ionising
radiation alone [13]. Since synergisms were observed
even when the SMF was applied before or after irradi-
ation, changes of the dose distribution by SMFs can
likely be excluded as a relevant interaction mechanism
[13], as supported by Monte Carlo simulations [14, 15].
A recent review on combined effects of the two agents
[13] concluded that the current evidence is insufficient
to identify the underlying mechanism(s) of the observed
synergisms. The authors suppose that SMF may (i) mod-
ify one or more steps in the DNA damage response, (ii)
influence the yield or lifetime of reactive oxygen species
responsible for indirect DNA damage, or (iii) influence
intracellular ~signalling implicated in non-targeted
radiation-induced effects.

To monitor DNA double-strand breaks (DSBs), the
YH2AX assay has been established as a sensitive and
direct molecular marker that has been used to investi-
gate the genotoxic potential of CT, PET, and MRI on
humans (e.g. [16-24]). The state of science can be
briefly summarised as follows [25-28]: H2AX is an
ubiquitous appearing DNA-associated histone that is
involved in the structural organisation of the DNA,
particularly in the repair of DSBs. Flanking each site
of a DSB, a large number of H2AX histones become
phosphorylated. The resulting foci of phosphorylated
H2AX histones (referred to as yYH2AX) can be de-
tected microscopically after immunofluorescence
staining. Due to this amplification process, radiation-
induced DSBs can be monitored even at very low
dose levels down to 1 mGy [25]. Once a lesion is
repaired, YH2AX is dephosphorylated and no longer
visible. Formation of yH2AX foci is observed most
commonly in peripheral lymphocytes (re)distributed
in blood flow and thus being representative of expos-
ure of all organs and tissues.
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The present prospective study was aimed at investigat-
ing the genotoxicity of 2-deoxy-2-['*F]fluoro-D-glucose
([**F]JFDG) and the SMF used in MRI alone and com-
bined by the yH2AX assay.

Materials and methods

Compliance with ethical standards

The prospective study was approved by the institutional
review board as well as the competent federal radiation
protection authority and was performed in accordance
with the ethical standards laid down in the Declaration
of Helsinki. Informed consent was obtained individually
from all participants included in the study.

Volunteers

The study was designed as a prospective, three-armed
trial with volunteers exposed to ['*F]JFDG alone (study
arm SA1), the SMF alone (SA2), and both agents com-
bined (SA3). The null hypothesis was that there is no
difference between the study arms. To obtain a power of
80% (Kruskal-Wallis test), given an effect greater than
1.5-fold of the inter-individual variance within the study
arms, a minimum of 10 participants had to be investi-
gated per arm.

Included were younger individuals not diagnosed with
any disease that may alter DNA damage and repair [29].
Contraindications were an existing pregnancy, blood
glucose concentrations of less than 80 or more than 180
mg/dl in case of an exposure to ['**F]JFDG, as well as ac-
tive or passive implants or other objects of ferromag-
netic or unknown material in case of an exposure to the
SME. The volunteers received a payment depending on
the study arm [29].

Exposure scenarios, blood sampling, and incubation

As schematically shown in Fig. 1, the YH2AX response
to a prolonged exposure of lymphocytes to [**F]FDG is
markedly delayed compared to a quasi-instantaneous X-
ray exposure and should thus be observed over a longer
period. On the other hand, the time the volunteers had
to lie still in the imaging systems to acquire activity
concentration-time courses for dosimetry had to be lim-
ited. To balance these aspects, volunteers were exposed
in vivo over 60 min. Nevertheless, in order to extend the
duration of blood exposure to ['®F]FDG as well as the
time for the formation of exposure-induced YH2AX foci,
blood was taken at the end of this period (sampling
point SP3) and incubated in vitro up to 60 min, before
lymphocytes were fixed. To determine the background
of YH2AX foci, blood was also collected prior to the ex-
posure phase (SP1, SP2). For each of the three study
arms, the examination protocol was adapted as far as ne-
cessary to the respective exposure and measurement
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Fig. 1 Schematic representation of the differences between X-ray (left column) and radiotracer (right column) exposure on the formation and
repair of DSBs monitored by the yH2AX assay. The upper row compares the dose rate and the resulting absorbed dose to blood following a
quasi-instantaneous X-ray exposure and ['®FIFDG administration (real data of a volunteer) assuming that the absorbed dose to lymphocytes is
identical at the end of the considered time range. In the lower row, simulated kinetics of DSBs not yet under repair and of yH2AX foci are plotted
assuming that the maximum of foci rates occurs 30 min after X-ray exposure [17, 26, 27] and that the rate constants characterizing the formation
and dephosphorylation of YH2AX foci are comparable for both exposure scenarios. Prolonged exposure to ['®FIFDG results in a markedly delayed
and flattened yH2AX response at an overall lower level

conditions, as illustrated by the flow charts in Fig. 2. De-
tails are described in the following.

Volunteers were exposed to [*®F]FDG alone (SA1) at a
PET/CT system (Biograph mCT; Siemens Healthineers,
Erlangen, Germany) or to a 3-T SMF alone (SA2) and in
combination with the radiotracer (SA3) at a PET/MRI
system (Biograph mMR; Siemens). Technical details of
the systems can be found in [30].

Study arm 1

Following the acquisition of an X-ray topogram (tube
voltage, 120 kV; tube current, 25 mAs) and administra-
tion of a body weight-adapted [**F]FDG activity (nom-
inal, 4.3 MBq/kg) through an antecubital vein, emission
data were detected in the list mode over 60 min from an
abdominal body region. For quantitative evaluation of
activity concentrations, attenuation-corrected PET im-
ages were reconstructed using low-dose CT data

acquired after blood sampling at SP3 from the same
body region. This time sequence avoids a substantial
additional exposure of lymphocytes taken at SP3 to X-
rays that would otherwise interfere with the effects of
["®F]JFDG and the SMF to be investigated. PET images
were reconstructed for 55 non-equidistant time frames.
For dosimetry, the average ['*F]JFDG activity concentra-
tion in blood was determined for each time frame by
evaluating small circular regions of interest placed over
the centre of the aorta on 11 transversal PET images in
the middle of the axial scan region. Blood was collected
before (SP1) and after the topogram (SP2) as well as 60
min post [**F]FDG injection (SP3).

Study arm 2

Blood was withdrawn from volunteers before (SP1) and
after (SP3) exposure to the 3-T SMF of the PET/MRI
system.
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Study arm 3

MR images required for transmission correction of
emission data were acquired for technical reasons at the
beginning of the examination procedure using a T1-
weighted Dixon VIBE sequence (specific absorption rate,
< 2 W/kg). Apart from that, blood sampling as well as
data and image postprocessing were identical to study
arm 1.

Blood was collected from the antecubital vein contra-
lateral to the site of [**F]FDG administration via an 18-
or 20-gauge indwelling cannula (Vasofix Safety IV; B.
Braun Melsungen AG, Melsungen, Germany) into 7.5-
ml lithium heparin monovettes (S-Monovette; Sarstedt
AG & Co, Niumbrecht, Germany). Two monovettes were
filled at SP1 and one at SP2. At SP3, blood was sequen-
tially withdrawn into three monovettes, mixed together
in 50-ml tubes (Falcon; Fisher Scientific GmbH,
Schwerte, Germany) and then immediately portioned
into five 15-ml centrifuge tubes (Falcon; Fisher Scientific
GmbH). By this procedure, variations amongst sequen-
tially collected blood were avoided as a source of error.

Blood samples were incubated in part at 37 'C over
different periods as indicated in Fig. 2. Pre-exposure
samples taken at SP1 were incubated over 0 and 60 min
to detect and—if present—consider potential distortive
effects of venipuncture and incubation on data analysis.
Due to a relevant time delay between the potential in-
duction of DSBs by the X-ray topogram (SAl) or MRI
scan (SA3) and the formation of detectable yH2AX foci,
blood samples withdrawn at SP2 were incubated over 60

min. To extend the exposure of lymphocytes to residual
["®F]FDG activity in the samples and to assess a poten-
tial continuing influence of the SMF on the genotoxicity
of [*®*F]JFDG beyond the end of field exposure, samples
taken at SP3 were incubated over 0, 15, 30, 45, and 60
min.

Hereinafter, the biological condition of lymphocyte
DNA isolated from blood samples is characterised by
the study arm (SA), the blood sampling point (SP), and
the incubation time (IT).

Internal dosimetry

To estimate the total absorbed dose to blood as a surro-
gate for the dose to circulating lymphocytes, two contri-
butions were considered: (i) the dose delivered in vivo to
blood during the first 60 min p.i. by self-irradiation as
well as cross-fire irradiation from other body tissues. (ii)
The additional dose delivered subsequently in vitro dur-
ing incubation, due to self-irradiation from the residual
[*®F]FDG activity in the samples.

In vivo exposure

The time-course of ['*F]FDG activity in blood was esti-
mated from measured activity concentration-time
courses, using blood volumes determined from the body
weight and height of the volunteers [31]. Both the self
and cross-fire contributions to the total blood dose were
estimated according to the MIRD approach [32]. In con-
trast to blood, the activities in other body tissues were
not available for the volunteers and hence were
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estimated by using the model of Hays and Segall [33].
The required specific absorbed fractions (SAFs) were
computed for the adult ICRP male and female reference
voxel phantoms [34] and monoenergetic positron
sources with the Monte Carlo code EGSnrc [35, 36]. Fi-
nally, the resulting monoenergetic data were convoluted
with the B*-spectrum of **F [37].

In vitro exposure

The exact geometries of the used 15-ml conical centri-
fuge tubes containing different predefined blood
volumes were created using commercial software
(Rhinoceros V5.0; Robert McNeel & Associates, Seattle,
USA) in polygon-mesh format and voxelised. SAFs for
the digitalised geometries were determined by Monte
Carlo computations. For blood volumes deviating from
the five predefined values, SAFs were estimated via a
logarithmic interpolation of the simulated data. Doses
delivered in vitro to the samples over incubation periods
of 15, 30, 45, or 60 min were computed using the
volunteer-specific residual activity concentrations in the
aorta 60 min p.i as initial value.

Processing of blood specimen and yH2AX assay
Following incubation, blood samples were kept at 5 °C
until isolation of peripheral blood leucocytes. This was
performed by density gradient centrifugation (10 min,
1000g, 5 °C) using 12-ml separation tubes (Leucosep
Tube; Greiner Bio-One GmbH, Frickenhausen,
Germany) and separation medium (Histopaque-1077;
Sigma Aldrich Chemie GmbH, Taufkirchen, Germany).
After centrifugation, leucocytes were visible and trans-
ferred into 5 ml cell culture medium (RPMI 1640; Pan-
Biotech GmbH, Aidenbach, Germany). Cell suspension
was centrifuged again (10 min, 250g, 5 °C), the medium
decanted, and cells fixed in 1 ml 2% paraformaldehyde
(PFA; Sigma  Aldrich)/phosphate  buffered saline
(Dulbecco’s PBS; Biochrom GmbH, Berlin, Germany) so-
lution for 15 min at 5 °C before centrifugation (10 min,
250g, 5 °C). After decanting the solution, lymphocytes
were stained with Tuerk’s solution (Merck, Darmstadt,
Germany), counted in a counting chamber and concen-
trated to one million cells per ml in PBS. Cell suspen-
sions were stored at 5 °C.

One hundred microliters of cell suspension was spot-
ted onto glass slides by cytospin centrifugation for 5 min
at 54g. Slides were washed three times in fresh PBS con-
taining 0.15% of a nonionic surfactant (TritonX-100;
Sigma Aldrich) each time for 5 min, followed by three
washing steps in blocking solution (1 g bovine serum al-
bumin (BSA; Sigma Aldrich) mixed with 0.15 g glycine
(Sigma Aldrich) in 100 ml PBS) each for 10 min.
Seventy-five microliters blocking solution with anti-
phosphohistone H2A.X (Ser139) rabbit mAb (Cell
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Signaling Technology Europe B.V. Frankfurt a.M.,
Germany) in the dilution 1:200 was transferred on each
slide and incubated at 4 °C for at least 16 h. Slides were
washed again for 5 min in PBS, for 10 min in PBS/Tri-
ton and for 5 min in PBS. Before incubating with the
secondary antibody, an anti-rabbit IgG (H+L), F(ab’),
fragment conjugated to Alexa Fluor 555 fluorescent dye
(Cell Signaling Technology Europe), in the dilution 1:
1000 in blocking solution in a humid chamber for 45
min at room temperature, slides were treated with
blocking solution for 7 min. After antibody binding,
slides were washed twice in PBS/Triton for 5 min each,
once in PBS for 10 min and once in PBS for 7 min. Cell
nuclei were counterstained with Hoechst 33342 (Bisben-
zimide H 33342 trihydrochloride; Sigma Aldrich) for 2
min and slides were washed again in PBS for 2 min
twice. Finally, slides were covered by 16 ul antifade
mounting medium (Vectashield; Vector Laboratories
Inc., Burlingame, USA).

Search and image acquisition of cell nuclei on the
slides was performed by automatic fluorescence micros-
copy using a scanning and imaging platform (Metafer 4,
version V3.13.1; MetaSystems Hard & Software GmbH,
Altlussheim, Germany) equipped with an objective
(ZeissPlan-Neofluar 40x/0.75; Carl Zeiss Microscopy
GmbH, Jena, Germany) yielding a 400-fold magnifica-
tion. For foci analysis a Spectrum Orange bandpass filter
(excitation: centre wavelength/bandwidth = 546/10 nm,
emission 580/30 nm; Chroma 31003; Chroma Technol-
ogy, Olching, Germany) and for counterstaining a DAPI
bandpass filter (excitation 350/50 nm, emission 460/50
nm; Chroma 31000; Chroma Technology) was used. The
threshold for foci intensity was set to 70% with a max-
imum gain of 500%. For lymphocytes exposed to very
low doses and controls, cells with a high number of foci
are not to be expected. Therefore, cells with more than
five detected ‘foci’ were excluded from data analysis to
eliminate potential artefacts from the automatic foci de-
tection algorithm.

Statistical analysis

Data analysis was performed using SigmaPlot (version
13.0; Systat Software GmbH Erkrath, Germany). The
central tendency and variability of data were described
by the arithmetic mean and the standard deviation (SD),
the distribution of data was represented by box-and-
whisker plots. The Wilcoxon signed-rank and Mann-
Whitney tests were run to test for significant differences
between two groups of paired and unpaired samples, re-
spectively. For three or more groups, for comparisons
with repeated measures within study arms the Friedman
test was used, for comparisons without repeated mea-
sures across study arms the Kruskal-Wallis test. In case
of a significant result, Tukey’s or Dunns’s post hoc tests,
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respectively, were used to pairwise identify groups with
significant differences. To test the null hypothesis of
equal variances between groups, the robust Brown-
Forsythe test was applied. All tests were performed as
two-sided tests and p values of less than 0.05 were con-
sidered as significant. To quantify the effect of different
exposures, excess rates, defined as difference between
post- and pre-exposure rates, were computed.

Results

In total, 32 volunteers were included in the study. Their
allocation to the three study arms as well as the resulting
group characteristics are summarised in Table 1.

The volume of blood samples prepared for incubation
and postprocessing ranged between 3.0 and 7.5 ml. For
each sample, between 1 and 10 (median, 9) replicate
slides with at least 1002 (median, 2009) cells per slide
were evaluated by the yH2AX-assay. Out of a total of
about 4.76 million analysed cells, the percentages of cells
with 0, 1, 2, 3, 4, 5, and > 5 foci were 98.58%, 1.292%,
0.093%, 0.020%, 0.007%, 0.004%, and 0.004 %, respect-
ively. On average, 0.016 foci were detected per cell. Pan-
nuclear YH2AX staining was observed rarely, but not
evaluated. Typical fluorescent images of yH2AX foci in
lymphocyte nuclei are shown in Fig. 3.

Absorbed doses to blood withdrawn 60 min p.i. (SP3)
and incubated in vitro over 0, 15, 30, 45, and, 60 min
could reliably be estimated for 17 volunteers. Doses
ranged between 1.5 and 3.3 mGy. As shown in Fig. 4,
the dose increment decreased with time due to the
radioactive decay of [*®F]FDG with a half-life of 110
min. Self-irradiation of blood incubated over 60 min in-
creased the in vivo dose on average by about 25%. For
all incubation times, doses differed not significantly be-
tween study arms SA1 and SA3 (p > 0.112).

To determine whether incubation of blood per se
altered the YH2AX response, damage rates determined
for unexposed lymphocytes fixed either immediately
after withdrawal (SP1/ITO) or after subsequent incuba-
tion over 60 min (SP1/IT60) were separately pooled over
the three study arms. Statistical evaluation of the data in
Fig. 5a yielded significantly higher excess damage rates
(median AR = 0.16%, p = 0.021) and larger variances
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(variance ratio = 7.56, p = 0.024) for blood immediately
fixed after withdrawal. This is presumably an artefact
from venipuncture, so that the data for ITO were disre-
garded from further evaluations. Under the assumption
that the SMF alone has no or only a negligible impact
on the YH2AX response (see below), damage rates deter-
mined for lymphocytes taken from volunteers of SA2 at
SP3 that were incubated over different times provide
supplementary information. These rates do not indicate
any effect of incubation (Fig. 5b, p = 0.514). Moreover,
they are congruent with the background damage rates
determined for all volunteers at SP1 after incubation of
blood over 60 min (Fig. 5a, right). The median value of
these comparable background rates was 1.04%.

As Fig. 6 reveals, neither the X-ray topogram in SAl
(AR = 0.07%, p = 0.492) nor the MRI sequence in SA3
(AR = 0.09%, p = 0.193) affect significantly the damage
rates after the respective imaging component (SP2/I1T60)
compared to the background (SP1/IT60).

Excess damage rates pooled for SA1 and SA3 under
the assumption that the SMF did not significantly affect
damage rates (see below), are plotted in Fig. 7 for the
five considered incubation times. Differences between
the groups were not significant (p = 0.179). Because in-
cubation per se did not have an effect on damage rates,
it is implied that there is approximately a steady state
over the considered time range between DSBs caused by
the residual [**F]JFDG in the blood samples and the
YH2AX response (cf. the kinetics shown in Fig. 1). Ex-
cess rates determined at an incubation time of 60 min
can be considered as representative. For these data, the
median absolute and relative excess was AR = 0.31% and
AR/Rpaciground = 28%, respectively.

Analyses of exposure-related excess damage rates
within and between study arms were performed for
lymphocytes incubated over 60 min. Excess damage
rates (SP3/IT60 vs. SP1/IT60) are shown in Fig. 8 for
the study arms. Changes were significant for SA1
(median AR = 0.24%, p = 0.010) and SA3 (median AR
= 0.45%, p = 0.014), but not for SA2 (median AR = -
0.07%, p = 0.470). This means that ["*F]JFDG alone
and in combination with the SMF has a significant
genotoxic effect, in contrast to the SMF alone. A

Table 1 Allocation of 32 volunteers to the three study arms and group-specific characteristics (mean + SD; range)

Study arm Sex Age (years) Body weight (kg) BMI (kg/mz) ['®FIFDG activity (MBq)
M/F
SAT 5/5 260+ 3.1; 770+113% 252 +38% 338 + 42;
22-32 63-100 20.3-334 287-406
SA2 4/8 251 +2.2; 64.7 + 9.5% 215+20%
23-30 46-80 18.0-24.7
SA3 5/5 248 + 2.7, 729 £ 9.7, 237 +25; 314 + 43;
21-30 59-87 19.5-28.1 259-407

&Significant differences between SA1 and SA2 are primarily due to an unbalanced proportion of males and females in SA2
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stained in red

Fig. 3 Typical fluorescent microscopy images of lymphocyte nuclei stained in blue showing a nucleus with one (left) and two (right) yH2AX foci

Kruskal-Wallis test yielded a significant overall differ-
ence in the excess rates between the study arms (p =
0.040). To test for a synergistic or antagonistic effect
of the combined exposure of lymphocytes to
["®F]FDG and the SMF, excess rates of SAl were
compared to SA3, resulting in a non-significant out-
come (p = 0.910). Qualitatively comparable results
were obtained in accordance with the data presented
in Fig. 6, when using SP2/IT60 instead of SP1/IT60
as benchmark for study arms SA1 and SA3.
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Fig. 4 Absorbed doses to blood/lymphocytes exposed to ['®FIFDG
over 60 min in vivo and subsequently up to 60 min in vitro for SA1
and SA3. At each of the five incubation times, doses did not differ
significantly from one another (Mann-Whitney test)

Discussion

Detrimental health effects of ionising radiation, particu-
larly the induction of cancer becoming clinically
manifest only after a latency period of many years, have
been demonstrated for large cohorts of exposed persons
by long-term follow-up studies. However, radio-
epidemiological studies are basically not able to assess
health risks associated with new technologies, such as
PET/MRI exposing patients simultaneously to two phys-
ical agents, at an early stage. In contrast, the YH2AX
assay allows to directly monitor DSBs in human DNA
caused by genotoxic agents under controlled experimen-
tal conditions. Both approaches are linked via the fre-
quency of (misrepaired) radiation-induced DSBs as a
prognostic molecular indicator for stochastic health risks
in the long run.

In this study, young healthy individuals were enrolled
to reduce age- and disease-specific inter-individual varia-
tions. This is justified from an ethical perspective be-
cause study results will allow a more resilient risk
assessment for all and, in particular, young future pa-
tients undergoing PET/MRI examinations and the low
radiation risk to the study participants [12]. Volunteers
of SA1 and SA3 were well matched with respect to sex,
age, body weight/mass index, applied activity, and
absorbed dose to lymphocytes, which is essential for reli-
able comparisons between these study arms. In contrast,
the proportion of males and females in SA2 was unbal-
anced, which results in a lower mean body weight/mass
index as compared to SA1 and SA3. This is irrelevant,
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percentiles, the solid horizontal lines in the boxes the median, and the whiskers the 10th and the 90th percentiles. Outliers are represented
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however, because the SMF is modified by the volunteer’s
statue only to an entirely negligible extent.

To set-up an appropriate protocol to evaluate DSBs
caused by ['**FJFDG-PET/MRI examinations, two oppos-
ite aspects were considered: (i) the steady rise of both
the absorbed dose to lymphocytes and the related num-
ber of radiation-induced DSBs and (ii) the relatively fast
kinetics of DNA repair monitored by the YH2AX assay.
Under the reasonable assumption of linear pharmacoki-
netic processes, at least in the low-dose range, the time-
course of YH2AX foci after administration of a radio-
tracer is mathematically given by a convolution of the
time-courses of the dose-rate and the yH2AX response
to an instantaneous irradiation, as is approximately given
by a short-term X-ray exposure. This relationship was

3.0
2.5 A
2.0 A L]
1.5 4
1.0 A

091 ]
00— e

-0.5 A
-1.0 4

p=0492, n=10 p=0.193, n=10

Excess damage rate AR [%]

-1.5 A

used to compute—for the purpose of illustration—the
kinetics shown in Fig. 1. Unfortunately, rate constants
for the formation and dephosphorylation of yH2AX foci
initiated by a quasi-instantaneous irradiation are not re-
ported and even the given descriptive characteristics of
measured response curves are not conclusive. For ex-
ample, reported times after which the maximum of the
YH2AX response is reached following short-term exter-
nal irradiation vary between 5 min and 1.5 h [16, 18, 38].
Due to this uncertainty and the objective to expose vol-
unteers sufficiently long instantaneously to both agents,
volunteers were exposed in vivo over 60 min in the im-
aging systems and blood samples afterwards additionally
in vitro up to 60 min. In this context, it should be

3.0 § ®
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1.5 1 T T
1.0 1

0.5
1.0 A

-1.5 1
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Excess damage rate AR [%]

ANOVA: p=0.179, n=20

-2.0 4

0 15
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SA1: Topogramm

SA3: MRI

Fig. 6 Excess damage rates determined for lymphocytes isolated
from blood samples taken before (SP1/IT60) and after (SP2/IT60) the
acquisition of the topogram in SA1 and the MRI sequence in SA3
(Wilcoxon test). Scaling is identical with Figs. 7 and 8

Incubation time [min]

Fig. 7 Excess damage rates determined for lymphocytes fixed and
isolated from blood samples withdrawn 60 min post ['®FIFDG
injection (SP3) that were subsequently incubated up to 60 min
(Friedman test). Data were pooled over SAT and SA3
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Excess damage rate AR [%]

-2.0 A

p=0.010

p=0.470 p=0.014

SA1 SA2 SA3

Fig. 8 Excess damage rates determined for lymphocytes fixed and
isolated from blood samples taken before (SP1/IT60) and after (SP3/
IT60) exposure of volunteers in the three study arms. (Excess per
study arm, Wilcoxon test; overall differences between study arms,
Kruskal-Wallis test; differences between SAT and SA3,
Mann-Whitney test)

recalled that some studies showed a continuing influence
of the SMF on the genotoxicity of ionising radiation be-
yond the end of field exposure [17]. Considering all
these aspects and the challenging conditions given in
PET/MRI, the employed protocol enabled as much flexi-
bility as possible.

In contrast to previous studies [18, 19], absorbed doses
to blood delivered by self- and cross-irradiation were es-
timated as the most adequate surrogate to quantify the
irradiation of lymphocytes by using individual
concentration-time courses measured in blood and
Monte Carlo computations. Although the activity of
["®*F]FDG administered to the volunteers were quite well
adapted to their body weight, blood doses varied consid-
erably within the different exposure groups (Fig. 4). This
is primarily attributable to inter-individual variations in
the distribution and elimination of the radiotracer from
blood and unavoidably contributes to the differences be-
tween the evaluated radiation-induced excess damage
rates.

Microscope slides were evaluated automatically to
score YH2AX foci in a consistent manner and to handle
a much larger number of replicate slides, which is indis-
pensable for comparisons in the low dose range, as can
be done manually by an experienced technician. Never-
theless, system parameters, such as thresholds for focus
size and intensity, must be fixed by the operator and
thus can lead to intra- and inter-laboratory variations
[17]. To reduce the number of doubtful upward outliers
to some extent, the fraction of lymphocytes with at least
one focus was evaluated in this study (binary evaluation)
instead of the mean number of foci per lymphocyte used
in previous studies.
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The sensitivity and reliability of the used YH2AX assay,
including the implemented automatic foci detection and
scoring algorithms, is inter alia directly validated for the
specific exposure scenarios investigated in the present
volunteer study by the consistent and statistically signifi-
cant results presented in Fig. 8. In line with published
PET studies [18, 19], the genotoxic potential of
["®*F]FDG was statistically verified for SA1 and SA3 com-
prising different volunteers. Between 60 and 120 min
p.i., the radiotracer resulted in a median relative increase
of 28% in the rate of lymphocytes with at least one
YH2AX focus relative to the background rate, compar-
able with findings of Schnarr et al. [19]. The data pre-
sented by May et al. [18] showed a surprisingly rapid
YH2AX response yielding roughly a doubling of the
background foci rate in just 5 min p.i., which contrasts
strikingly with the almost negligible dose delivered by
[**F]FDG to blood/lymphocytes over this short period,
despite of the high dose rate (as shown in Fig. 1). In any
case, these studies as well as our findings prove that the
sensitivity of the yH2AX assay is high enough to detect
a potential synergism (or antagonism) of the considered
effect size between [®F]FDG and a strong SMF. How-
ever, statistical analysis did not provide any evidence for
a genotoxic effect of the SMF, neither alone nor in com-
bination with the radiotracer.

Regarding the genotoxicity of MRI alone, the current
scientific evidence is inconsistent. Lancellotti et al. re-
ported that cardiac imaging of healthy men at a 1.5-T
MRI system is associated with minor but significant
DNA damage [20]. This could, however, not be repli-
cated for humans being exposed in MRI systems oper-
ated at 1.5 or 3 T [22-24]. In all these studies,
individuals were exposed to the three (electro)magnetic
fields generated in combination by a single, arbitrarily
chosen MRI sequence so that in case of a positive find-
ing it would not have been possible to identify the causa-
tive field. In contrast, Reddig et al. showed that in vitro
exposure of human lymphocytes to a 7-T SMF in isola-
tion and also combined with varying magnetic gradient
and pulsed radiofrequency fields do not induce DSBs
[21]. Principally, it is advisable to investigate the geno-
toxic potential of the three different fields (alone and in
combination with ionising radiation) by a stepwise ap-
proach to identify the potentially biological effective
field(s).

There are basically three limitations of the present
study: (i) the small number of volunteers enrolled. Since
healthy young volunteers were exposed to ["*F]FDG in
study arms 1 and 3, it was ethically imperative to limit
their number to the absolute necessary to test the stated
null hypothesis. (ii) Due to the inaccessibility of the vol-
unteers exposed over 60 min in the PET/MRI system
whilst emission data were continuously acquired, it was
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not possible to withdraw blood during this period, as
May et al. did in a PET/CT study [18]. Therefore, the
kinetics of the yH2AX response during the first hour p.i.
could not be investigated. (iii) The large inter- and intra-
individual variation of measured damage rates that limits
the detection of minor exposure effects. To overcome
this problem, much more volunteers and replication
slides would need to be examined, which is hardly
feasible.

Conclusion

The study clearly demonstrated the genotoxic potential
of ["®F]JFDG but not of the SMF on human lymphocyte
DNA. There was also no indication for a synergism be-
tween both physical agents that may be of relevance for
risk assessment of patients in PET/MRI. The study was
not designed to exclude potential synergistic effects by
the magnetic gradient and radiofrequency fields add-
itionally applied in MRI on the genotoxicity of
['®F]FDG. It forms, however, the essential basis to sys-
tematically address this issue separately for both of these
fields in further investigations—despite of the ever-
present but, as proven in this study, not genotoxic SMF.
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