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enhancement of advanced aggressive cancers as a result of the gamma radiation emitted
by tracers used in PET diagnostics. We conclude that among many cancers, such
a phenomenon likely occurs, particularly in tumor cells with an aggressive biology in
the advanced stages of their development, e.g. prostate cancer, melanoma and colorectal
cancer. Moreover, we surmise based on gathered evidence that fluorine -18 (**F) labeled
pharmaceuticals (**F-deoxyglucose and '*F-choline), commonly used in positron
emission tomography (PET) can lead to malignancy enhancement of diagnosed cancer,
manifesting as accelerated infiltration of the neighboring tissue, accelerated metastasis
and/or radio- and chemotherapy resistance. In this review, some suggestions on future
studies verifying this concept are also proposed. If our concerns are justified, it might be
appropriate in the future to consider this assumption at the stage of deciding whether to
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undertake PET monitoring in some patients with advanced aggressive cancer.

INTRODUCTION

The initiation of cancer comes about by the long-term
accumulation of adverse cell mutations before the recog-
nized onset of the disease. Each mutant cell can give rise
to the development and growth of a sub-population called
a clone. Clonal diversity of neoplastic cells is related to
their diverse phenotype, increased activation of glycolysis,
malignant character and reduced sensitivity to anticancer
therapy [1]. The clonal theory of cancer development was
first formulated in the 70's by P. Nowell, and, nowadays, has
been fully confirmed thanks to new techniques of cancer cell
DNA sequencing. It seems very likely that in clones with
a malignant phenotype, stimuli such as chemicals or ionizing
radiation will cause further mutations at a lower threshold.
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Despite the effect of hypoxia on cancer malignancy accel-
eration being well established [2-5], the radiation caused
by fluorine -18 (**F) labeled tracers has not yet been fully
studied. That '8F labeled tracers used in positron emission
tomography (PET) may be responsible for malignancy
enhancement of diagnosed cancer is likely because gamma
radiation triggered by "F in the cancer cell may be three
orders of magnitude higher than the energy triggering water
radiolysis, which leads to the free radicals formation and
DNA damage [6,7]. Such high energy in cancer cell results
mainly from the enormously higher uptake of '*F labeled
pharmaceuticals by cancer cells (named: the “Warburg
effect”) versus normal cells, which is the basis of PET diag-
nostics [8]. As a side note, recent studies have shown that
the Warburg effect occurs not only in cancer cells, but also
in normal cells with intense proliferation [9].

© 2023 Author(s). This is an open access article distributed under the Creative Commons Attribution-NonComercial-No Derivs

licence (http://creativecommons.org/licenses/by-nc-nd/3.0/)



Agnieszka Korga-Plewko, Marta Ostrowska-Lesko, Magdalena Iwan, Jaroslaw Szponar, Andrzej Wrobel, Monika Cendrowska-Pinkosz, et al.

The indirect confirmation of the assumptions that the
diagnostic level of radiation can enhance cancer malignancy
is supported by results demonstrated by Miglioretti ef al.
[10]. They have found a statistically higher risk of mortal-
ity in women after the diagnosis of breast cancer that was
caused by X-rays during screening tests of digital mammog-
raphy. These studies revealed that the radiation dose used
for diagnostic mammography screening in 100,000 women
is enough to cause 125 cases of breast cancer (resulting
in 16 deaths). It is worth noting that, statistically, screen-
ing prevents 968 deaths from breast cancer (per 100,000
women). Thus, the purpose of this review is not to under-
mine the legitimacy of diagnostic tests aimed at detecting
the disease, but to consider whether multiple repetition of
PET tests in patients with aggressive significantly advanced
cancer will not enhance the severity of the mutation and
malignancy of the tumor.

The results of the study of Miglioretti e al. [10] suggest
that the level of medically accepted X-ray radiation is
already able to cause cancer during diagnostic tests. Thus,
it seems more likely that ionizing radiation can easier induce
further mutations in the cells of an aggressive, naturally
advanced tumor in which mutations arise in a spontaneous
manner. In addition, it is worth emphasizing that the gamma
radiation emitted in the cell in the presence of '*°F has similar
characteristics to X-rays.

PET DIAGNOSTICS
Application in oncology

The PET technique is a common, highly sensitive
imaging method used in clinical practice. PET imaging has
become a standard component of oncology diagnosis and it
is also applied for specific neurological and cardiovascular
indications as well [11]. "®Fluoro-labeled 2-deoxyglucose
("FDQG) is used as a PET radiotracer. Beyond "*FDG, there
are many other substances employed in cancer detection
(among others, ''C and "*F labeled choline in prostate cancer
detection or '®F-NaF in bone metastases) [12].

Biochemical aspects

In patients with malignant solid tumors, 18FDG is the
most widely used tracer in PET/CT imaging. The selective
accumulation of FDG in various histological tumor cells is
dependent on both Warburg and hypoxia effects [13-17].
The Warburg effect involves activation of glycolysis, even
at proper, physiological oxygen levels (normoxia). In tumor
cells, hypoxia takes place when the rapid dividing tumor
cells phenomena is not followed by neoplasia angiogen-
esis, thus, the blood supply to the tumor is reduced. In this
case, glycolysis activation via HIF la enforces an increased
glucose transport into the cells, mainly by membrane glucose
transporter (GLUT). The consequences of these phenomena
is the increase of glucose uptake by tumor cells, even more
than ten times greater comparing to that of normal cells [18].

The "FDG uptake follows that of native glucose and
depends on the expression of GLUT. GLUT transporters
have a low transport specificity and they do not distinguish
glucose from its radiolabeled analogue — "*FDG. In the cyto-
plasm, "®FDG is phosphorylated to FDG-6-phoshate, but in
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contrast to native glucose, '*FDG-6-phoshate does not enter
the glycolytic pathway and is trapped within the cell in an
unchanged form [19]. The degree of selective accumula-
tion of "FDG in tumor cells is the basis of distinguishing
the PET signal from the normal tissue background, which
also uptakes "FDG, but to a much lesser extent. However,
the sensitivity of '"!FDG radiotracer in PET/CT is lower in
prostate cancer. The prostate cancer cells are characterized
by overexpression of choline kinase, which is responsible
for the production of cell membrane components in which
both acetate and choline are incorporated. Consequently,
other radiotracers, for instance, !'C-acetate, ''C-choline and
8F-choline, are used.

Several studies have found that choline PET/CT has
a greater sensitivity and specificity than *FDG PET/CT in
prostate cancer [20-23]. We assumed that this intensified
accumulation of both ®FDG or '®F-choline in tumor cell may
induce water radiolysis, and, subsequently, DNA damage
and cell signaling that lead to increased tumor malignancy.

The basic question for the issue under consideration is
whether the energy emitted by the '°F radiotracer is sufficient
to cause water radiolysis. Based on current knowledge, we
can conclude that there is such a risk. The emitted energy
of gamma rays triggered by "*F in cell is much higher than
the energy required to ionize the water and to consequently
induce DNA damage.

The gamma-radiation energy released in the cell from "*F
during annihilation is over 500 keV [24], while the minimum
energy at which radiolysis of water occurs is in the range
of 16-20eV [7,25,26]. Therefore, the energy of radiation
coming from the "*FDG is about 25.000 times higher than
the energy needed for free radical generation and DNA
damage via water radiolysis. Furthermore, this energy may
increase in the tumor cell even more than ten times more
due to the above mentioned specific glucose/"*FDG uptake
related to glycolysis activation mechanism via the Warburg
or hypoxia effects [18].

The "FDG is an analog of glucose, and, similarly to
glucose, is taken up by the cells, and, as glucose, is phos-
phorylated to the '*F-FDG-6-phoshate that is a counterpart
to glucose-6-phoshate. Phosphorylation does not allow both
glucose and its analog to be released from the cell.

Beyond the aforementioned, there is another mechanism
responsible for higher retention of *FDG. Accordingly, the
2-hydroxyl group in glucose is needed for further glycolysis,
but ¥FDG is devoid of this 2-hydroxyl group. Thus, *FDG
cannot be further metabolized in the cell up to *F radioac-
tive decay [27,28].

The increase retention of '*F not only allows for PET
diagnostic, but enhances the risk of mutation, especially
in aggressive cancer cells (as these are extremely suscep-
tible to damage). Thus, it increases the risk of conversion
to a tumor with even greater malignancy. The malignancy
may manifest by accelerated invasion into the neighbor-
ing tissues or by metastasis and radio- and chemotherapy
resistance [3, 29-32].

While the half-life of '8F is only 108 minutes, the
physico-chemical and chemical stages of water radiolysis
last 10, 10" and 10 s, respectively, producing eaq, H¥,
HO*, HO,*,OH, H,0", H,, H,0, that are very reactive [26].
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The damage risk of even normal tissue by '*F was noticed
by the Medicine & Healthcare Products Regulatory Agency.
The agency recommends patients to avoid any close contact
with young children or pregnant woman for up to 12 hours
from injection, until full decay of '8F [19]. However, up
to date researchers have not focused on "*FDG safety in
the aspect of the aggressiveness enhancement of tumor
malignancy.

So far, studies have focused on the chemical, but not the
physical aspects of 'SFDG toxicity. To resolve this dilemma
we can look at the Som’s et al. studies using nonradioactive
FDG [33]. They did not noticed any evidence of acute or
chronic toxicity in mice using 1000 times the human tracer
dose (HTD) per wk for 3 wks, and in dogs using 50 times
HTD per wk for 3 wks. Moreover, no literature was found on
comparative studies of "*FDG and FDG that would explain
of the nature of toxicity — physical or chemical. However,
the reproductive and developmental toxicity, genotoxicity
and carcinogenicity of "*FDG have not been tested up to now
[19]. Still, a prospective 4-year study by Silberstein [34]
indicated that PET radiopharmaceuticals have an extraor-
dinary safety record with no adverse reactions. However,
higher cancer invasiveness was not the subject of the study.

Current knowledge on the biological effects of ionizing
radiation

The biological effects of ionizing radiation are divided
into deterministic and stochastic. If the energy is absorbed in
a relatively high range of value, the frequency and intensity
of effects are proportional to the radiation dose and these
effects are deemed ‘deterministic’. One level of threshold
cannot be given for everyone because of the varying radia-
tion sensitivity of the organisms. Exposure of the entire body
of mammals to a dose of 5-12 Gy leads to bone marrow,
gastrointestinal, lung or brain damage, and finally death.
Such extremely high dose in medicine is used only for
locally irradiation during bone marrow transplantation.
Among other examples of deterministic symptoms are:
erythema, skin necrosis, hair loss, infertility, cataracts and
fetal damage. However, deterministic effect can be observed
not only as acute symptoms, but as delayed symptoms as
well. Deterministic delayed symptoms can appear as a result
of radiotherapy and manifest as cardio- and hepatotoxicity
or pneumonia [35].

Stochastic effects are defined as effects that can occur with
a certain probability. It is assumed here that the likelihood
of an effect is dose-dependent, and it is not possible to set
a lower dose limit below which the probability of an effect
would be equal zero. Stochastic effects result from damage
to the DNA even in one cell, which persists in the form of
mutations or aberrations. These effects include mostly cancer
and cardiovascular disease. They usually occur a few or even
several dozen years after irradiation [35].

De novo tumor induction after ionizing radiation at
doses used in therapy

A very useful, commonly applied parameter to charac-
terizing ionizing radiation is linear energy transfer (LET).
This is the value of energy left by the ionizing particle in
the medium per unit-traveled length of path, and is different
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for different particles and different media. For large par-
ticles like alpha, in water, the value of LET is greater than
100 keV-um™, for carbon ions, the corresponding value is
10-100 keV-pm™, for radiation therapy protons, the LET
is around 10 keV-um™ and for electromagnetic radia-
tion (gamma, X), the LET value is approximately up to
1 keV-um™'. Thus, the energy of these individual particles
exceeds 1 um of length path in water [36,37]. However,
maximum cell killing occurs at an LET of approximately
100 keV-pm™, not 1000 keV/pm, and relative biological
effectiveness (the coefficient applied to determine the bio-
logical effectiveness of a given radiation relative to X-rays)
shows the greatest changes for LET values between roughly
20 and 100 keV/um [38].

LET value importance can also be read in a different way
— by asking how long a road is needed in a given medium
(e.g. water) for particular types of radiation to leave the
same unit of energy. A high LET value (high-LET) indicates
low permeability of radiation particles through the medium.
This means that they give out a lot of energy in a short path.
Such particles, for instance, alpha (***Ra), rather do not pose
a threat for the body to accidental radiation from outside.
However, inside the body, they can destroy all molecules
in a short distance because the higher the deposited energy,
the more severe the damage in cell structures localized near
the particle path, including damage of DNA.

In contrast, gamma or X radiation, both of which have
electromagnetic nature, have low value of LET (low-LET).
Because of their nature/size they have very high permeability
and do not leave much energy in the medium. For instance,
during decay, the gamma radiation of ®Co (commonly used
in cancer radiotherapy) releases two gamma quanta of 1.17
and 1.33 MeV, but the LET value ranges between, 0.2-0.3
keV um™'; whereas ?'°Po, an emitter of alpha particles with
energy 5.407 MeV, has LET value of 140 keV-pum™ [39].
Thus, LET helps to explain why radiation damage is some-
times disproportionate to the absorbed dose (unit: Gy).

High-LET leads to DNA double-strand breaks that are
mostly difficult to repair, and result in cell death. In mice
studies, following exposure to high-LET radiation, immor-
talized human cells undergo malignant transformation until
they become tumorigenic [40]. Significant changes in signal-
ing pathways have also been revealed [32]. In contrast, cell
death caused by low-LET, is rare because repair mechanisms
cope with the amount of damage that had occurred [41].
However, cell exposure to an even lower energy of ionizing
radiation leads to the formation of free radicals (water radi-
olysis) resulting in damaged DNA, as well as damage in the
cytoplasmic organelles, including the endoplasmic reticu-
lum. Furthermore, the effects of radiation-dependent changes
in the signalling pathways are not just intracellular, but occur
between cells via gap junction [42,43]. Hence, neighbour-
ing cells undergo DNA damage in a similar way as directly
irradiated cells, and single and double-strand breaks, sister
chromatid exchange and diminish of DNA methylation may
lead to genomic instability [40,44].

Local irradiation during cancer therapy ranges from 2 to
80 Gy in divided repeated doses forms of 1.5 to 2.5 Gy, and
might be associated with secondary cancer development [45].
Secondary cancer may appear as totally new tumors in
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other organs than that which were documented in the past

20 years. For instance, it is well established that as a conse-

quences of radiotherapy in some percent of patients suffering

from prostate cancer, bladder cancer (which is character-
ized by unfavorable prognosis) may develop [46,47]. There
is also a significant increase in cases of myeloid leukemia
within a few years after radiation therapy of breast cancer
patients. A further complication of radiation therapy for
breast cancer patients is potential esophageal cancer and

lung cancer (observed in about 2% of all cases) [48,49].
The above examples reveal that the medical application of

radiation can lead to the de novo development of new histo-
logical tumors in other organs. Moreover, it clearly indicates
the complications of radiotherapy, in which relatively high
radiation energy levels are used locally. However, our inten-
tion in this article is to discuss the question as to whether
is it possible that the much lower level of radiation energy
that is used in PET diagnostics could lead to an increase in
the aggressiveness of diagnosed cancers. Thus, first of all,
it must be stated that rarely do radiation therapeutic doses
initiate de novo cancer development (in normal cells). Still,
the question arises as to whether at diagnostic PET levels of
radiation (which are much lower than the therapeutic), the
biology of existing tumors might worsen. To resolve this
issue, we must know the answers to the following physical
and biological questions:

1. Is the gamma radiation energy released in '"SFPET diag-
nostics sufficient to cause genetic changes?

2. Is it easier to develop mutation after radiation in normal
cells or in cancer cells of the same tissue?

3. Will the same probability of mutations have the same
consequences in normal cells, early stage cancer cells
(monoclonal tumors) and advanced phase cancer cells
— tumors with a very large number of different clones?

Possibilities of adverse effects at diagnostic level of
radiation

In clinical conditions, in the normal lymphocytes
of patients who have been diagnosed by CT (range of dose
0.01-2 Gy), mutations have been found [50,51]. Moreover in
Kempf’s study, a relatively low dose of radiation, similarly
to that used at diagnostics CT levels reveal changes even
in normal cells [52]. In addition, cell proteome and transcrip-
tome changes and neurological disorders in hippocampus
and cortex after 24 h low-LET — gamma irradiation (0.1 or
0.5 Gy) has been observed. The investigation also showed
that synaptic functions and signaling pathways directed by
mitochondria were changed, which was clearly seen in the
cortex at 0.1 Gy. If such changes are observed in normal
cells, it is much more probable that the same energy disturbs
the new equilibrium acquired in cancer cells.

The commonly used PET positron emitters are character-
ized by maximum emitted energy and maximum distance
range in water that are for *F, respectively, 0,34 MeV and
2,4 mm [53]. Energy released from '8F is not only the result
of the positrons emission (f+, Emax = 634 keV), but subse-
quent annihilation photons that produce y-rays with energy
of 511 keV. During a typical clinical protocol involving the
administrationof 350-750 MBq "*FDG, most tissues are irra-
diated throughout the patient’s body at an averae of 4-9 mGy
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[24]. However, in some normal tissues with higher metabo-
lism, the concentration of intracellular ¥"FDG are much
higher, thus gamma radiation can be consequently much higer
(13-233 mQGy) as well [54-59]. The above-mentioned range
of radiation doses are observed in normal tissue and as you
can see in some cases, the level of radiation reaches doses
as are observed in a CT scan. However, in neoplasia cells,
the doses are certainly higher because of the specific accu-
mulation related to Warburg and tumor hypoxia effects [60].

The absorbed radiation level in cancer cells depends on
the glucose requirements of the tissue. This can be even
higher than one order of magnitude greater than the normal
tissue cell from which the tumor originates. [18]. The devel-
opment of the tumor process at the cellular level is accom-
panied by an increase in the expression and activity of the
glucose transporter (GLUT1). As GLUT1 is not chemically
specific, the amount of ®FDG transported into the cells is
usually much higher in cancer cells. Moreover, when ®*FDG
is phosphorylated by hexokinase, its metabolite *FDG-
6-phosphate cannot pass by the glycolytic pathway as it
is not a substrate for the next enzyme. As a result, *FDG-
6-phosphate is essentially trapped within the tumor cell and
may be imaged divergently compared to the normal cells by
PET [61,62]. According to Mettler et al. [63], *FDG PET
scans transmit one of the highest effective doses to patients
(14.1 mSv). To compare radiation dose, for instance, radia-
tion for chest X-ray reaches merely 0.02 mSv nd 6.5-8 mSv
for a CT scan of the chest [64]. On average, during one PET
test, the patient receives the dose he would receive during
1200 chest X-rays.

Certain research groups have identified that fractional
dose rates generate more damage than fixed low dose rates
[65] and the damages resulting from a very low dose rate
(94 mGy/h) evade DNA damage surveillance mechanisms
[66]. Indirect evidence suggests that ®FDG accumulation in
cancer cells may confer tumor aggressiveness. According to
Maddalena et al. [27], Mankoff et al. [67] and Folpe et al.
[68], there is a relationship between the level of FDG accu-
mulation and histological grade in lung, brain, hepatic and
musculoskeletal cancers. Thus, it is rational to state that the
higher the "*F accumulation, the greater the risk of malig-
nancy elevation.

There are few contradictory studies about the biological
effect of low dose X rays. They concern the biological effec-
tiveness of low energy X-rays used for mammography breast
screening. Still, recent radiobiology studies have provided
compelling evidence that low energy X-rays may be 4.42
+ 2.02 times more effective in causing mutational damage
than higher energy X-rays [69]. Miglioretti et al. [10], for
example, have generated estimations for the potential harm
from radiation exposure of screening strategies for breast
cancer. Therein, Miglioretti ef al. calculated the energy of
radiation coming from the *FDG to be about 25.000 times
greater than the energy needed for free radical generation
via water radiolysis and DNA damage. What is more, mam-
mography was determined to be affected by dose variability,
initiation age and screening frequency. Indeed, their study
suggests that women with large breasts receive greater radia-
tion doses and may have a greater risk for radiation-induced
breast cancer affecting cancer cells. Taking it all together,
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it seems that irradiation energy released from '"*FDG during
PET diagnosis is sufficient to induce changes, especially in
cancer cells where it is concentrated, and so can bring about
DNA mutation much easier than in the normal cells from
which the tumor originates.

Factors that might strengthen malignancy of cancer

In attempting to answer the previously asked questions
whether it is easier to generate a mutation after radiation
in normal cells or in cancer cells of the same tissue — from
physical point of view, the probability of cell changes at
the same dosages is similar in normal and cancer cells.
However, ®FDG concentration in most cancers is one or
more orders of magnitude higher than in normal cells. Thus,
for that reason alone there is much higher probability of
mutation in cancer cells than in normal cells.

Finally, the answer to the key question: will the same
probability of mutations or other signaling changes have
the same consequences in normal cells, early stage cancer
cells (monoclonal tumors) and advanced phase cancer cells —
tumors with a very large number of different clones? To date,
hypoxia is a well-recognized factor exemplifying the diverse
response of normal and cancer cells — a well-known factor
intensifying the malignancy of tumor. Oxygen deficiency
arises in the area of the tumor as a result of the intensive
proliferation of cells whereby the cells of the blood vessels
are not able to keep up their division. The result of adaptive
changes under hypoxia is the increasing clonal heterogeneity
of the tumor cell. The clinical significance of these changes
is well established [70]. This is the increasing dynamics
of invasion into the surrounding tissues, systemic spreading
[71-73] and varied clonal sensitivity (or its insensitivity)
to drugs [30,74,75].

In a simplification, we can say that a differentiated
response of individual clones to drugs is essential for treating
them as separate disease entities within the same histological
tumor. Thus, adaptative response to hypoxia is divergent
for normal and cancer cells. A surviving cancer cell is that
which adapts better to the adverse environment. Moreover,
cancer cell adaptation makes them very much aggressive
and better expansion of cell neoplasia is seen as compared
with the normal cells of the surrounding normal tissue. In
addition, normal cell under hypoxia do not intensify their
proliferation as do cancerous ones.

In this study, we surmised that a similar divergent effect
in cancer and normal cells would appear if the same prob-
ability of DNA mutation exists in both type of cells. Let
us also conjecture that a given dose of gamma radiation
is enough not only to induce mutation or other signaling
changes in not only cancer cells, but in normal cells as well.
Thus, the consequences in normal cells, early stage cancer
cells and advanced phase cancer cells will be different. This
is an assumption because, according to current knowledge,
there is no published data about the impact of the *F tracer
on tumor aggressiveness, while attempts were made to
follow such an effect in normal cells with high index of
proliferation [54]. Our justification can only be based on
theoretical considerations. However, it seems very likely
that consequences of repair DNA genes mutation allows
cancer cells to gain higher autonomy, proliferation and
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consequently higher cancer aggressiveness in comparison
to normal cells.

Future studies

To verify the main thesis of this paper it would be rational
to conduct the study at in vitro level. It seems that research
using cell lines of highest aggressive cancer will be the best
approach. What is more, different kinds of cell lines with
extreme different stages of the disease degree and cyto-
logical differentiation (primary tumor, metastasis) should
be compared in terms of their ability to acquire an aggres-
sive metabolic phenotype after incubation with '*F-labeled
pharmaceuticals. It should be noted that the control and
repairing mechanism in such cells is out of order and subse-
quently enhancement of gamma ray-induced malignancy is
more probable than in early stage cell precursors of cancer
or normal cells. However, even in the normal cells of the
hippocampus and cortex, proteome and signaling pathways
related to mitochondrial and synaptic functions are changed
at doses much lower than cancer cells during exposure to
'8E. Beyond the aforementioned, the effects of the biologi-
cal impact of 'F should be tested after different number
of passages. During such studies, a pool of cells should be
separated and re-treated with '°F to reflect patient re-exam-
ination with "®FPET in order to verify the effectiveness of
treatment. After the subsequent cell passages, the progress in
malignancy at the molecular, functional and morphological
levels should be assessed. Tests that reflect tumor aggres-
siveness/malignancy in humans, e.g.: proliferation assess-
ment, migration and invasion analysis of gene expression
profile associated with an aggressive phenotype of tumor
cells and chemo- and radio sensitivity can be used.

CONCLUSION

The key assumption of our debate is that '®F-labeled
tracer can enhance high malignancy in advanced stage
cancers during PET diagnostic testing. Our thesis is that
the higher mutagenic effects of ionizing radiation, the greater
clonal diversity of the tumor and, consequently, aggressive-
ness of cancer cells. According to this thesis, cancer cells at
the highest stage of tumor development will be much more
vulnerable to gamma ray — induced aggressiveness changes
than their precursors at earlier stages of tumor development.
In the work, we pointed out that the energy of radiation
coming from the '"FDG is about 25.000 times greater than
the energy needed for free radical generation via water radi-
olysis and DNA damage. The main concept is supported by
the fact that "FDG concentrations for most types of cancers
are one or more order of magnitude higher than in normal
cells — this is foundation of PET test concept. However,
it seems very likely that consequences of mutation of DNA
repair genes allow cancer cells to gain higher autonomy,
proliferation and consequently higher cancer aggressiveness
than normal cells. Thus, according to our suppositions, even
at diagnostic doses of '"SFGD, the radiation can stimulate
existing tumors to gain more aggressive features, manifest-
ing as intensification of neighbouring tissue infiltration and
worsening of metastasis. We, therefore, proposed a direction
of future studies to firmly confirm our conclusions.

Current Issues in Pharmacy and Medical Sciences



Agnieszka Korga-Plewko, Marta Ostrowska-Lesko, Magdalena Iwan, Jaroslaw Szponar, Andrzej Wrobel, Monika Cendrowska-Pinkosz, et al.

ACKNOWLEDGEMENTS

None.

FINANCIAL SUPPORT

None.

DATA AVAILABILITY STATEMENT

The data used to support the findings of this study are included
within the article.

CONEFLICTS OF INTEREST

The authors declare that there is no conflict of interests.

ORCID iDs

Marta Ostrowska-Lesko

https://orcid.org/0000-0002-3375-3821

Jarostaw Dudka @https://orcid.org/0000-0002-9801-9054
REFERNCES
1. Sotgia F, Whitaker-Menezes D, Martinez-Outschoorn UE,

10.

11.

Flomenberg N, Birbe RC, Witkiewicz AK, et al. Mitochondrial
metabolism in cancer metastasis. Visualizing tumor cell
mitochondria and the “reverse Warburg effect” in positive lymph
node tissue. Cell Cycle. 2012;11(7):1445-54.

Clark EA, Golub TR, Lander ES, Hynes RO. Genomic analysis of
metastasis reveals an essential role for RhoC. Nature. 2000;406:532-5.
Kunz M, Ibrahim SM. Molecular responses to hypoxia in tumor
cells. Mol Cancer. 2003;2:23.

Colpaert CG, Vermeulen PB, Fox SB, Harris AL, Dirix LY, Van Marck
EA. The presence of a fibrotic focus in invasive breast carcinoma
correlates with the expression of carbonic anhydrase IX and is
a marker of hypoxia and poor prognosis. Breast Cancer Res Treat.
2003;81:137-47.

Déry MA, Michaud MD, Richard DE. Hypoxia-inducible factor 1:
regulation by hypoxic and non-hypoxic activators. Int ] Biochem
Cell Biol. 2005;37:535-40.

Kumar A, Becker D, Adhikary A, Sevilla MD. Reaction of electrons
with DNA: Radiation damage to radiosensitization. Int ] Mol Sci.
2019;20(16):3998.

Krajewski P. Teaching material for the Faculty of Physics at the
Warsaw University of Technology as part of the lecture block entitled
"Fundamentals of Nuclear Safety and Radiological Protection".
Warsaw; 2009. [http://www.if.pw.edu.pl/~pluta/pl/dyd/POKL33/
pdf/matwykl/Biologiczne_skutki_promieniowania_jonizujacego.
pdf] (accessed 23 August 2019).

Gillies RJ, Robey I, Gatenby RA. Causes and consequences of
increased glucose metabolism of cancers. ] Nucl Med. 2008;49:
24S5-428.

Sun H, Chen L, Cao S, Liang Y, Xu Y. Warburg effects in cancer
and normal proliferating cells: two tales of the same name. GPB.
2020;17:273-86.

Miglioretti DL, Lange ], van den Broek JJ, Lee CI, van Ravesteyn N'T,
Ritley D, et al. Radiation-induced breast cancer incidence and
mortality from digital mammography screening. A modeling study.
Ann Intern Med. 2016;164:5-14.

Vaquero JJ, Kinahan P. Positron Emission Tomography: Current
challenges and opportunities for technological advances in Clinical
and Preclinical Imaging Systems. Annu Rev Biomed Eng. 2015;
17:385-414.

Vol. 35, No. 1, Pages 34-40

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Miele E, Spinelli GP, Tomao F, Zullo A, De Marinis F, Pasciuti G,
et al. Positron Emission Tomography (PET) radiotracers in oncology
- utility of **F-Fluoro-deoxy-glucose (FDG)-PET in the management
of patients with non-small-cell lung cancer (NSCLC). ] Exp Clin
Cancer Res. 2008;27(1):52.

Liberti MV, Locasale JW. The Warburg effect: How does it benefit
cancer cells? Trends Biochem Sci. 2016;41(3):211-8.

Potter M, Newport E, Morten KJ. The Warburg effect: 80 years on.
Biochem Soc Trans. 2016;44(5):1499-505.

Alfarouk KO, Ibrahim ME, Gatenby RA, Brown JS. Riparian
ecosystems in human cancers. Evol App. 2013;1:46-53.

Alfarouk KO, Muddathir AK, Shayoub ME. Tumor Acidity as
Evolutionary Spite. Cancers. 2011;3:408-14.

Fang JS, Gillies RD, Gatenby RA. Adaptation to hypoxia and
acidosis in carcinogenesis and tumor progression. Semin Cancer
Biol. 2007;18:330-7.

Gatenby RA, Gillies RJ. Why cancers have high aerobic glycolysis?
Nat Rev Cancer. 2004;4:891-9.

Medicine & Healthcare Products Regulatory Agency. Public
Assessment Report Mutual Recognition Procedure, Meta Trace FDG
Solution for Injection 3000MBq/ml Fludeoxyglucose 18F. Procedure
No: UK/H/2656/001/MR. UK Licence No: PL 45366/0001. Simence
Healthcare Limited. [http://www.mhra.gov.uk/home/groups/par/
documents/websiteresources/con2033925.pdf] (accessed 17 July
2019).

Vali R, Loidl W, Pirich C, Langesteger W, Beheshti M. Imaging of
prostate cancer with PET/CT using 18F-Fluorocholine. Am J Nucl
Med Mol Imaging. 2015;5(2):96-108.

Hara T, Kosaka N, Kishi H. Development of 18F-Fluoroethylcholine
for cancer imaging with PET: synthesis, biochemistry, and prostate
cancer imaging. ] Nucl Med. 2002;43:187-99.

Zhu A, Lee D, Shim H. Metabolic PET imaging in cancer detection
and therapy response. Semin Oncol. 2011;38(1):55-69.

Ots PS, Cardo LA, Ocana VC, Rodriguez CMA, Enriquez GLA,
Paniagua CML, et al. Diagnostic performance of 18 F-choline
PET-CT in prostate Cancer. Clin Traans Onkol. 2019;21(6):766-73.
Quinn B, Holahan B, Aime J, Humm J, St Germain J, Dauer LT.
Measured dose rate constant from oncology patients administered
18F for positron emission tomography. Med Phys. 2012;39:6071-9.
Kohanoft J, Artacho E. Water radiolysis by low-energy carbon
projectiles from first-principles molecular dynamics. PLoS One.
2017;12(3):e0171820.

Le Caér S. Water radiolysis: Influence of oxide surfaces on H2
production under ionizing radiation. Water. 2011;3:235-53.
Maddalena F, Lettini G, Gallicchio R, Sisinni L, Simeon V, Nardelli
A, et al. Evaluation of glucose uptake in normal and cancer cell lines
by Positron Emission Tomography. Mol Imaging. 2015;14:490-8.
Palaskas N, Larson SM, Schultz N, Komisopoulou E, Wong ], Rohle
D, et al. 18F-fluorodeoxy-glucose positron emission tomography
marks MYC-overexpressing human basal-like breast cancers. Cancer
Res. 2011;71(15):5164-74.

Espinoza I, Sakiyama MJ, Ma T, Fair L, Zhou X, Hassan M et al.
Hypoxia on the expression of hepatoma upregulated protein in
prostate cancer cells. Front Oncol. 2016;6:144.

Rohwer N, Cramer T. Hypoxia-mediated drug resistance: novel
insights on the functional interaction of HIFs and cell death
pathways. Drug Resist Updat. 2011;14(3):191-201.

Moellering RE, Black KC, Krishnamurty C, Baggett BK, Stafford P,
Rain M, et al. Acid treatment of melanoma cells selects for invasive
phenotypes. Clin Exp Metastasis. 2008;25(4):411-25.

Ahmadi M, Ahmadihosseini Z, Allison SJ, Begum S, Rockley K,
Sadiq M, et al. Hypoxia modulates the activity of a series of clinically
approved tyrosine kinase inhibitors. Br ] Pharmacol. 2013;0ct 4.
doi: 10.1111/bph.12438

Som P, Atkins HL, Bandoypadhyay D, Fowler JS, MacGregor RR, et
al. A fluorinated glucose analog, 2-fluoro-2-deoxy-D-glucose (F-18):
nontoxic tracer for rapid tumor detection. J Nucl Med. 1980;(7):670-5.
Silberstein EB. Prevalence of adverse reactions to Positron Emitting
Radiopharmaceuticals in nuclear medicine. ] Nucl Med. 1998;39:
2190-2.

39



35.

36.

37.
38.
39.
40.
41.
42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

40

The risk of increasing tumor malignancy after PET diagnosis

Hamada N, Fujimichi Y. Classification of radiation effects for dose
limitation purposes: History, current situation and future prospects.
J Radiat Res. 2014;55(4):629-40.

Mavragani IV, Nikitaki Z, Kalospyros SA, Georgakilas AG. Ionizing
radiation and complex DNA damage: From prediction to detection
challenges and biological significance. Cancers (Basel). 2019;
11(11):1789.

Malouft TD, Mahajan A, Krishnan S, Beltran C, Seneviratne DS,
Trifiletti DM. Carbon ion therapy: A modern review of an emerging
technology. Front Oncol. 2020;10:82.

Woloschak GE. Astro radiation and cancer biology study guide by
radiation and cancer biology study guide task force. PP 140. World
Cancer Research Fund International; 2012. [http://www.wcrf.org/int/
cancer-facts-figures/worldwide-data] (accessed 03 November 2019).
Ferradini C, Jay-Gerin JP. La radiolyse de l‘eau et des solutions
aqueuses: historique et actualité. Can J Chem. 1999;77:1542-75.
Hall EJ, Hei TK. Genomic instability and bystander effects induced
by high-LET radiation. Oncogene. 2003;22:7034-42.

McDevitt MR, Sgouros G, Sofou S. Targeted and nontargeted
a-Particle Therapies. Annu Rev Biomed Eng. 2018;20:73-93.

Baskar R. Emerging role of radiation induced bystander effects: Cell
communicatons and carcinogenesis. Genome Integr. 2010;1:13.
Prise KM, O’Sullivan J.M. Radiation-induced bystander signalling
in cancer therapy. Nat Rev Cancer. 2009;9:351-60.

Ilnytsky Y. Radiation-induced bystander effects in vivo are
epigenetically regulated in a tissue specific manner. Environ Mol
Mutagen. 2009;50:105-13.

Travis LB, Hodgson D, Allan JM, Van Leeuwen FE. Second cancers.
In: DeVita VT Jr, Lawrence TS, Rosenberg SA (eds). Cancer:
Principles and practice of Oncology. 8" ed. Philadelphia: Lippincott
Williams and Wilkins; 2008.

Haidl F, Pfister D, Semrau R, Heidenreich A. Second neoplasms after
percutaneous radiotherapy. Urologe A. 2017;56(3):342-50.
Sountoulides P. Secondary malignancies following radiotherapy for
prostate cancer. Ther Adv Urol. 2010;2(3):119-25.

Morton LM. Risk of treatment-related esophageal cancer among
breast cancer survivors. Ann Oncol. 2012;23(12):3081-91.
Roychoudhuri R, Evans H, Robinson D, Moller H. Radiation-induced
malignancies following radiotherapy for breast cancer. Br ] Cancer.
2004;91:868-72.

Koukourakis MI. Radiation damage and radioprotectants: new
concepts in the era of molecular medicine. BJR. 2012;85:313-30.
Golfier S, Jost G, Pietsch H, Lengsfeld P, Eckardt-Schupp F, Schmid E,
et al. Dicentric chromosomes and gamma-H2AX foci formation
in lymphocytes of human blood samples exposed to a CT scanner:
a direct comparison of dose response relationships. Radiat Prot
Dosimetry. 2009;134:55-61.

Kempf SJ, Moertl S, Sepe S, von Toerne C, Hauck SM, Atkinson M]
et al. Low-dose ionizing radiation rapidly affects mitochondrial and
synaptic signaling pathways in murine hippocampus and cortex.
J Proteome Res. 2015;14(5):2055-64.

Welch MJ, Redvanly CS. Handbook of radiopharmaceuticals.
Radiochemistry and applications: Production of radionuclides in
accelerators. John Wiley & Sons Ltd.; 2003:42.

Taylor K, Lemon JA, Boreham DR. Radiation-induced DNA damage
and the relative biological effectiveness of 18F-FDG in wild-type
mice. Mutagenesis. 2014;29(4):279-87.

Deloar HM, Fujiwara T, Shidahara M, Nakamura T, Watabe H,
Narita Y. Estimation of absorbed dose for 2-[F-18]fluoro-2-deoxy-
d-glucose using whole-body positron emission tomography and
magnetic resonance imaging. Eu ] Nuclear Med. 1998;25(6):565-74.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Deloar HM, Fujiwara T, Shidahara M, Nakamura T, Yamadera A,
Itoh M. Internal absorbed dose estimation by a TLD method for
18F-FDG and comparison with the dose estimates from whole body
PET. Phys Med Biol. 1999;44:595-606.

Hays MT, Watson EE, Thomas SR, Stabin M. MIRD dose estimate
report no. 19: radiation absorbed dose estimates from (18) F-FDG.
J Nucl Med. 2002;43:210-4.

Brix G, Lechel U, Glatting G, Ziegler SI, Miinzing W, Miiller SP, et
al. Radiation exposure of patients undergoing whole-body dual-
modality 18F-FDG PET/CT examinations. ] Nucl Med. 2005;46:
608-13.

Mejia AA, Nakamura T, Masatoshi I, Hatazawa J, Masaki M,
Watanuki S. Estimation of absorbed doses in humans due to
intravenous administration of fluorine-18 fluorodeoxyglucose in
PET studies. ] Nucl Med. 1991;32:699-706.

Khan N, Islam MM, Mahmood S, Hossain GA, Chakraborty RK.
18F-fluorodeoxyglucose uptake in tumor. Mymensingh Med J. 2011;
20(2):332-42.

Kapoor V, McCook BM, Torok FS. An introduction to PET-CT
imaging. Radiographics. 2004;24:523-43.

Yu S. Review of F-FDG synthesis and quality control. Biomed
Imaging Interven. 2006;2:e57-e67.

Mettler FA Jr, Huda W, Yoshizumi T'T, Mahesh M. Effective doses
in radiology and diagnostic nuclear medicine: a catalog. Radiology.
2008;248:254-63.

. de Jong PA, Tiddens HA, Lequin MH, Robinson TE, Brody AS.

Estimation of the radiation dose from CT in cystic fibrosis. Chest.
2008;133 (5):1289-91.

Brehwens K, Staaf E, Haghdoost S, Gonzalez AJ, Wojcik A.
Cytogenetic damage in cells exposed to ionizing radiation under
conditions of a changing dose rate. Radiat Res. 2010;173:283-9.
Collis SJ, Schwaninger JM, Ntambi AJ, Keller TW, Nelson WG,
Dillehay LE, et al. Evasion of early cellular response mechanisms
following low level radiation-induced DNA damage. ] Biol Chem.
2004;279:49624-32.

Mankoft DA, Dehdashti F, Shields AF. Characterizing tumors using
metabolic imaging: PET imaging of cellular proliferation and steroid
receptors. Neoplasia. 2000;2:71-88.

Folpe AL, Lyles RH, Sprouse JT, Conrad EU 3rd, Eary JF. (F-18)
fluorodeoxyglucose positron emission tomography as a predictor
of pathologic grade and other prognostic variables in bone and soft
tissue sarcoma. Clin Cancer Res. 2000;6:1279-87.

Heyes GJ, Mill AJ, Charles MW. Mammography-oncogenecity at low
doses. ] Radiol Prot. 2009;29(2A):A123-32.

Gerlinger M, Rowan AJ, Horswell S, Math M, Larkin J, Endesfelder
D, et al. Intratumor heterogeneity and branched evolution revealed
by multiregion sequencing. N Engl ] Med. 2012;366:883-92.
Bertout JA, Patel SA, Simon MC. The impact of O2 availability on
human cancer. Nature Rev Cancer. 2008;8:967-75.

Vaupel P, Mayer A, Hockel M. Tumour hypoxia and malignant
progression. Methods Enzymol. 2004;381:335-54.

Gilkes DM, Semenza GL, Wirtz D. Hypoxia and the extracellular
matrix: drivers of tumour metastasis. Nature Rev Cancer. 2014;14:
430-9.

Raghunand N, Mahoney BP, Gillies R]. Tumor acidity, ion trapping
and chemotherapeutics II. pH-dependent partition coeflicients
predict importance of ion trapping on pharmacokinetics of weakly
basic chemotherapeutic agents. Biochem Pharmacol. 2003;66:1219-29.
Wojtkowiak JW, Verduzco D, Schramm K], Gillies RJ. Drug resistance
and cellular adaptation to tumor acidic pH microenvironment.
Mol Pharm. 2011;8:2032-8.

Current Issues in Pharmacy and Medical Sciences



