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Preface

This Edited Volume is a collection of reviewed and relevant research chapters
concerning the developments in ionizing radiation. The book includes scholarly con-
tributions by various authors and was edited by a group of experts knowledgeable
about ionizing radiation. Each contribution comes as a separate chapter, complete in
itself but directly related to the book’s topics and objectives.

The target audience comprises scholars and specialists in the field.
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Chapter 1

Advanced Computations and
Simulations of Gamma-Ray
Buildup Factors in Human Tissues
and Tissue-Equivalent Materials

Omrane Kadri and Kais Manai

Abstract

This chapter provides a comprehensive examination of advanced computations
and simulations of gamma-ray buildup factors in human tissues and tissue-equivalent
materials, pivotal for applications in medical physics, radiation therapy, and diagnos-
tic imaging. Gamma-ray interactions with matter, particularly human tissues, are
complex phenomena that significantly impact the accuracy of dosimetry and imaging
techniques. The chapter delves into photon energy absorption and exposure buildup
factors specific to human tissues, presenting key methodologies and findings from
recent experimental studies. Utilizing sophisticated simulation tools such as Geant4,
we model gamma-ray transmission through various tissue-equivalent materials, pro-
viding detailed insights into their interaction characteristics. These simulations are
validated against experimental data, ensuring robustness and reliability. We explore
the search for optimal tissue-equivalent materials, focusing on their potential to
enhance the precision of radiation dose calculations. By integrating computational and
simulation approaches, this chapter elucidates the role of buildup factors in improving
the accuracy of medical imaging modalities and in optimizing radiation therapy pro-
tocols. The implications of our findings extend to the development of new materials
and technologies in radiation shielding and detection. Through this in-depth analysis,
we aim to advance the understanding of gamma-ray interactions, contributing to safer
and more effective medical treatments and diagnostic procedures.

Keywords: gamma-ray buildup factors, human tissues, tissue-equivalent materials,
Geant4 simulation, medical physics, radiation dosimetry, medical imaging

1. Introduction

Gamma rays play a critical role in medical imaging and radiation therapy world-
wide, yet the potential dangers associated with their improper use underscore the
necessity for a thorough understanding of radiation interaction with human tissues.
The precise interaction of ionizing radiation with biological tissues varies depending
on several factors, including the type and energy of the radiation as well as the target
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tissue. One key parameter in understanding these interactions is the buildup

factor (BUF), which corrects for the limitations of the Beer-Lambert law by account-
ing for the scattering and attenuation of photons within a material, as follows

(see Figure 1) [1]:

I = Blge™ (1)

where I, Iy, B, u, and x are transmitted and incident beam intensities, buildup
factor, linear attenuation coefficient, and attenuator thickness, respectively. On the
other hand, tissue-equivalent materials (TEMs) are essential in replicating the behav-
ior of human tissues under radiation, providing a valuable tool in medical applications
such as radiation therapy and diagnostic radiology. These materials must closely
mimic the absorption and scattering characteristics of real tissues, and the BUF is
involved in evaluating their effectiveness. Although various methods, including
Monte Carlo simulations, invariant embedding, and geometric progression (GP)
fitting, have been used to study gamma-ray buildup factors, the most precise dataset
currently available is from the ANSI/ANS-6.4.3-1991 standard, which offers the GP
fitting parameters for a range of elements and compounds [2]. However, despite the
availability of this dataset, there remains a need for comprehensive data on BUFs for
human tissues at deep penetration levels. Moreover, the Geometry ANd Tracking
(Geant4) Monte Carlo toolkit [3] offers a promising approach to simulate these
factors accurately. In this study, we aim to expand the existing knowledge by provid-
ing a database of BUFs for various human tissues, simulated using Geant4, and
computed by GP fitting method. Our research seeks to address several critical areas:
first, the verification of the calculation methods against established standards; second,
an exploration of BUF-dependent parameters such as energy and penetration depth;
and third, the evaluation of TEMs as potential substitutes for human tissues in radia-
tion applications. Through a series of computations, we calculated BUFs for some
human tissues and examined their applicability to point kernel-based programs used
in high-definition reference human models such as the HDRK-Man [4].

Within this context, it was verified that the geometric parameter “K” behaves
linearly with buildup factors for energies up to 15 MeV and short depths of 8 mfp
leading to reducing the GP fitting parameters to three only. Within a standard devia-
tion of no more than 1%, BUF were reproduced by the new fitting method [5]. On the
other hand, it was found that SB3, glycerol trioleate, MS15, AP6, and stracey latex are

Collimator Attenuator Attenuator
I = Bl g™
Photon Photon I
beam beam
b el <
x %
Ideal setup Real setup
(narrow beam) (broad beam)
Figure 1.

Schematic view describing the situation of using the buildup factor for vealistic setup compared to the idealized one
of a monochromatic narrow photon beam traveling through a thin layer of attenuator.
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acceptable tissue material variants for cortical bone, fat, muscle, adipose, and lung
tissues, respectively [6]. We can consider the actual findings as an extendion work of
our previous ones. In this chapter, we will present key findings on photon energy
absorption and exposure in human tissues. Then, we will explore the criteria for
selecting tissue-equivalent materials based on the computation of exposure and
energy absorption buildup factors. Additionally, we will discuss the results of Geant4
simulations related to gamma-ray transmission buildup factors in water medium.
Finally, we will outline the implications, future directions, and emerging trends in
buildup factor research within the fields of medical diagnostics and treatment.

By introducing a new tuning parameter for the TEM selection process—based on
the BUF—we aim to refine the criteria for selecting equivalent materials in gamma-
ray applications. This study not only advances the field of radiation physics by offer-
ing a more accurate simulation framework but also provides valuable insights for
ongoing research in therapeutic and diagnostic radiology.

2. Photon energy absorption and exposure in human tissues

This section provides the computational methodology adopted to compute buildup
factors and the application for HDRK-man tissues and organs. For medical imaging
purposes, we limited our study to the photon energy range covering the 15-150 keV
interval, with nine points, for penetrations up to 40 mean free path (mfp), with 17
values. Meanwhile, our developed C** code goes until 15 MeV as photon energy.

2.1 Computation methodology

To determine the buildup factors, the GP fitting parameters were derived through
interpolation based on the equivalent atomic number (Z,,), which is an energy-
dependent parameter that characterizes the properties of composite materials in terms
of equivalent elements. The computational process is detailed step by step as follows:

* Calculation of the equivalent atomic number.
* Determination of geometric progression (GP) fitting parameters.

» Computation of buildup factor values (energy absorption buildup factor
[EABUF] and exposure buildup factor [EBUF]).

The process begins by extracting the Compton partial mass-attenuation coefficient
(4/P) Compron and the total mass attenuation coefficients (u/p)r,, for elements

with atomic numbers ranging from Z = 4 to 92, as well as for selected dosimetric
materials in the energy range of 0.015-15 MeV, using the WinXCom software [7]
(originally developed as XCOM). To interpolate Z,, for which the ratio R =

(4/P) Compton/ (H/P) ota ©f @ given human organ or tissue falls between the

corresponding ratios of two successive elements (with R1 and R2), the following
semi-logarithmic formula is applied [8]:

Y =alog(X) +p @)
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with X and Y are the ratio R and the Z,;.a and f are the segment equation
parameters determined with two points (X1,Y1) and (X2,Y2).

Then, using the GP fitting parameters for pure elements from the ANSI/ANS-
6.4.3-1991 standard reference and the previously calculated Z,,, the corresponding
GP fitting parameters (a, b, ¢, d, and Xd) for the buildup factors are interpolated
using the same semi-logarithmic interpolation formula [9-11], with X and Y are Z,,
and any of the five parameters. Finally, the GP parameters employed for
calculating the energy absorption buildup factor (EABUF) and the exposure
buildup factor (EBUF) differ for each combination of energy and material.
Therefore, all relevant parameters from the ANS-6.4.3-1991 standard were first
tabulated. The buildup factors for a given incident photon energy E and penetration

depth x in mean free path units were then calculated using the following approach
[5, 6,12, 13]:

x if K=1
BE,x)=1+(b—-1)x ¢ K* -1 . (3)
k-1 ¥ K71

where, for x <40 mfp:

tanh(x/X,; — 2) — tanh(-2)

K(E,x) =cx" +d - tanh(2) (4)
and for x > 40 mfp:
14 (K35 — 1)@ if 0<d<1
K(Ex) = { K3s (Ilg—‘;‘;) 08 otherwise N

where, ® = K1 ¢(x) = éo/j;% K35 = K(E, 35) and K40 = K(E, 40).

For deep penetration scenarios exceeding 40 mfp, the extrapolation of the dose
multiplication factor K(E, x) as proposed by Harima et al. [14] and supported by
Sakamoto and Trubey [15] was applied.

On the other hand, as we aim to compute buildup factors for HDRK-man tissues
and organs, Table 1 illustrates their elemental composition and density (in g/ cm3).

A C**-based program was developed for that purpose and running on Lunix Operat-
ing System.

2.2 Key findings

Figure 2 shows the computed buildup factors ((left) EABUF and (right)
EBUF) for brain tissue at different photon energies, function of the mean free path.
We can see the closeness of both types of BUF to each other, which is due to the low
energy interval. Moreover, the difference between them will be clear for more than
1 MeV, where the pair-production process becomes dominant despite the current case
where the dominance of the Compton effect exists and begins slowly decreasing
against the photoelectric effect, confirming literature and theory for all three
processes.
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Material Density (g/cm?) Elemental composition®
Adipose 0.92 H(11.40), C(59.80), O(27.80)
Adrenal 1.02 H(10.50), C(25.60), N(2.70), O(60.20)
Blood 1.06 H(10.20), C(11.00), N(3.30), O(74.50)
Bone 1.34 H(7.34), C(25.48), N(3.06), O(47.89)
Brain 1.03 H(10.7), C(14.5), N(2.2), O(71.2)
Breast 0.92 H(11.40), C(59.80), 0(27.80)
Colon 1.04 H(10.60), C(11.50), N(2.20), O(75.10)
Colon® 1.03 H(10.60), C(11.50), N(2.20), O(75.10)
ET 1.03 H(10.50), C(25.60), N(2.70), 0(60.20)
Gall 1.03 H(10.50), C(25.60), N(2.70), 0(60.20)
Gall® 1.03 H(10.50), C(25.60), N(2.70), 0(60.20)
Heart 1.03 H(10.40), C(13.90), N(2.90), O(71.80)
Heart” 1.06 H(10.20), C(11.00), N(3.30), O(74.50)
Intestine 1.04 H(10.60), C(11.50), N(2.20), O(75.10)
Intestine® 1.03 H(10.60), C(11.50), N(2.20), O(75.10)
Kidneys 1.05 H(10.30), C(13.20), N(3.00), O(72.40)
Liver 1.06 H(10.20), C(13.90), N(3.00), O(71.60)
Lung 0.30 H(10.13), C(10.24), N(2.87), O(75.75)
Muscle 1.04 H(10.20), C(14.30), N(3.40), O(71.00)
Esophagus 1.04 H(10.50), C(25.60), N(2.70), 0(60.20)
Esophagusb 1.04 H(10.50), C(25.60), N(2.70), 0(60.20)
Oral mucosa 1.03 H(8.43), C(57.40), N(1.61), O(24.55)
Pancreas 1.06 H(10.60), C(16.90), N(2.20), O(69.40)
RBM 1.03 H(10.50), C(41.40), N(3.40), O(43.90)
Salivary glands 1.03 H(10.50), C(25.60), N(2.70), 0(60.20)
Skin 1.09 H(10.00), C(20.40), N(4.20), O(64.50)
Spleen 1.06 H(10.30), C(11.30), N(3.20), O(74.10)
Thymus 1.03 H(10.50), C(25.60), N(2.70), 0(60.20)
Thyroid 1.05 H(10.40), C(11.90), N(2.40), O(74.50)

“Elements with percentage less than 1% are omitted (can be found elsewhere) [4].
bTissue content.

Table 1.
Elemental composition and density (in g/cm3) of different HDRK-man studied tissues and organs.

Also, the other radiological properties of the studied case of “brain tissue,” such as
the equivalent atomic (Zeq), mass-attenuation coefficients (u/p and y,,/p), and the
five GP-based fitting parameters (a, b, ¢, d, and Xd) of buildup factors, were tabulated
in Table 2. All these parameters will be used for searching a material mimicking the
brain tissue.
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Figure 2.

Computed buildup factors ((left) EABUF and (right) EBUF) for brain tissue at different photon energy, function
of mean free path.

3. Search for tissue-equivalent materials

This section summarizes some criteria describing the physical properties of 30
known and usual materials for selecting the closest one able to behave for this photon
energy range, similarly to brain tissue similarly to brain tissue (Table 3).

3.1 Criteria for selecting tissue-equivalent materials

The mixture rule adopted for the calculation of the mass-attenuation coefficient
for a given material is given by:

H H
L 5 6
P Zw (P)i ©

where the fractional weight of the i element, of the material, figured with w;.

The effective atomic number, Z4, is a crucial parameter in assessing tissue equiv-
alence, radiation absorption, scattering, and shielding effectiveness for gamma and
neutron radiation in composite materials [16]. Among the various methods available
for determining the effective atomic number, the direct computational method was
employed for the selected tissue substitutes using a specific formula [6, 17]:

Sfalt),

2fiz (ﬁ)i
where, f; and A; denote the molar fraction and the atomic mass of the i” element.
Additionally, the effective electron density, N, which represents the number of

electrons per unit mass, is directly proportional to Z4 as follows:

Zey
Néﬁc = NA ZniAi (8)
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Material Density Elemental composition
(g/em)
Brain (ICRU) 1.040 H(12.001), C(64.005), N(0.800), 0(22.902), Na(0.050), Mg(0.002)
BRN1 0.920 H(8.359), C(69.133), N(2.360), O(16.938), F(3.070), C1(0.140)
BRN2 0.930 H(11.180), C(53.310), O(35.510)
BRN3 0.920 H(14.370), C(85.630)
BRN4 2.700 Al(100.000)
BRNS5 1.350 H(4.840), C(38.436), CI(56.724)
BRN6 1.840 H(3.100), C(31.260), N(0.990), O(37.570), CI(0.050), Ca(27.030)
BRN7 2.100 C(24.020), F(75.980)
BRNS 1.720 H(4.686), 0(56.630), P(10.867), K(27.817)
BRN9 0.910 H(14.369), C(85.607), 0(0.004), Sb(0.020)
BRN10 0.950 H(11.701), Li(3.48)), C(72.748), O(12.071)
BRN11 0.920 H(11.840), C(77.320), 0(10.840)
BRN12 0.320 H(5.741), C(73.947), N(2.010), O(18.142), Sb(0.160)
BRN13 0.3 00 H(6.000), C(51.440), N(4.290), 0(30.720), Al(7.550)
BRN14 0.260 H(10.100), B(8)), C(79.200), 0(0.120), S(1.910), Zn(0.670)
BRN15 1.000 H(8.830), C(64.450), N(4.050), 0(20.350), CI(2.240), Sb(0.080)
BRN16 1.000 H(8.871), C(66.817), N(3.100), O(21.132), Sb(0.080)
BRN17 1.250 H(5.740), C(77.460), O(16.800)
BRN18 1.070 H(10.200), C(12.010), N(3.540), O(74.250)
BRN19 1.200 H(5.549), C(75.573), 0(18.878)
BRN20 1.050 H(11.430), C(65.580), 0(9.220), Mg(13.480), Ca(0.290)
BRN21 0.990 H(13.401), C(77.799), 0(3.500), Mg(3.860), Ti(1.440)
BRN22 1.000 H(9.750), C(63.160), N(0.940), 0(16.020), Al(9.600), C1(0.530)
BRN23 1.000 H(8.119), C(58.344), N(1.780), O(18.638), Mg(13.029), C1(0.090)
BRN24 1.400 H(9.799), C(63.683), N(12.379), 0(14.139)
BRN25 0.930 H(14.860), C(85.140)
BRN26 1.170 H(8.051), C(59.986), 0(31.963)
BRN27 1.050 H(7.74), C(92.26)
BRN28 1.120 H(10.2), C(76.8), N(3.6), O(5.9), F(1.7), Ca(1.8)
BRN29 1.010 H(9.654), C(87.489), N(0.06), 0(0.473), S(1.539) Ti(0.332), Zn
(0.453)
BRN30 1.000 H(11.19), O(88.81)
Table 3.

Percentage elemental composition and density of 30 studied tissue-equivalent candidates.

where, the Avogadro number and the number of atoms are given by N4 and #;,
respectively.

Another key parameter for comparing the radiation characteristics of tissue and
tissue-equivalent materials is the CT index or Hounsfield Unit (H.U.), defined by [6]:
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_ <Iu> - </"water>
HU.= <ﬂwuter> - <ﬂair> (9)

where (4,;,), (Hpaer), and (u) are the average linear attenuation coefficients for air,
water, and material in concern, respectively. The H.U. values are typically calculated
for a standard photon beam spectrum at 120 kVp. In this study, the standard 120 kVp
spectra were generated using the SpeckCalc program [18].

3.2 Key findings

For the studied photon energy range, Figure 3 shows the calculated equivalent
atomic number for brain tissue (straight line) and the corresponding possibly equiva-
lent material.

Also, the comparison to brain tissue in terms of buildup factor (Figure 4),
mass-attenuation coefficient (Figure 5), and mass-energy attenuation coefficient
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Figure 3.
Calculated equivalent atomic number (Z.,) function of photon energy, up to 150 keV, for brain tissue (straight
line) and 30 equivalent material candidates (dotted curves).
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Figure 6.
Relative deviation (Delta in %) of 30 equivalent material candidates to brain tissue in terms of mass-energy
attenuation coefficient (u,, /p) for photon energy between 15 and 150 keV.

(Figure 6) were shown for all the 30 candidates. Those relative deviation (in %) were
summarized in Table 4. Moreover, the corresponding difference of H.U. values, against
H.U. (brain), were tabulated.

Firstly, we can confirm the theoretical hypothesis of the inverse proportionality
relationship between buildup factors and Z,,. From all of the above results, we can
conclude that the material BRN20 is the most material mimicking brain tissue. There-
fore, we can conclude that “M3” is an almost ideal tissue-equivalent material (TEM)
for brain tissue, making it particularly suitable for medical dosimetry, radiotherapy,
and imaging applications, especially in head diagnosis.
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4. Geant4 simulations of gamma-ray transmission

In this study, Geant4 version 10.4 was employed to simulate the transport of
gamma rays emitted from a point source through water. The geometry modeled
consisted of a monoenergetic point source positioned at the center of concentric
spheres. We simulated the isotropic transport of 0.1 MeV photons generated
from the center of an infinite sphere with an outer radius of 105.45 cm,
corresponding to 18 mean free paths (mfp). Using energy flux-to-exposure conver-
sion factors from the literature [19], the simulated exit flux (measured at each step of
one mfp) was converted into the exposure buildup factor, utilizing the mass-energy
absorption coefficient of air obtained from the NIST website [20]. The exposure
buildup factor (EBF) for water at 0.1 MeV photon energy was calculated up to a
penetration depth of 10 mfp. The simulation involved 10® gamma rays, with brems-
strahlung processes deactivated and all other electron and photon processes activated.
We used the “G4EmStandardPhysics_option3” physics library with a 1 keV cutoff for
electrons and photons. The overall statistical uncertainty for all simulations did
not exceed 1%.

Table 5 demonstrates good agreement between our current computations and
results published in the literature [21] for the exposure buildup factor in a water
medium, considering a point isotropic source of 0.1 MeV photons with penetrations
up to 10 mean free paths (mfp). In our simulations, we employed the “discrimination
by energy” method with a 10% energy window as described elsewhere [22]. The
minor discrepancies observed, particularly at greater penetration depths, could be
addressed by either utilizing a supercomputer or by applying particle splitting as a
variance reduction technique [21, 23]. These discrepancies are likely due to the
reduced probability of photon detection as the distance from the source increases.

5. Applications in medical imaging and radiation therapy

Even this present study can be considered important and valuable for physician
researchers; however, the study of more physical properties of TEM candidates,
including elasticity, manufacturing, and others should be carried out.

5.1 Implications of buildup factor studies in medical diagnostics and treatment

Buildup factor studies play a crucial role in enhancing the accuracy and
effectiveness of medical diagnostics and radiation therapy. In medical imaging, under-
standing the buildup factors allows for better dose estimation, which is vital for mini-
mizing patient exposure while ensuring high-quality imaging. For radiation therapy,
accurate buildup factor data contributes to precise dose delivery to the target tissues,
reducing the risk to surrounding healthy tissues. Moreover, buildup factors could be
integrated into imaging modalities such as CT, MRI, and PET scans and their impact on
treatment planning in radiotherapy, ensuring optimized therapeutic outcomes are
straightforward.

5.2 Future directions and emerging trends

As medical imaging and radiation therapy continue to evolve, the study of buildup
factors is expected to advance in parallel. Emerging trends may include the
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Material EABUF EBUF Z, Zg p/p  pe/p Ng  Average H.U. (120kVp)
BRN1 126 173 16 7 15 29 13 54 15
BRN2 89 117 14 13 12 25 5 39 55
BRN3 389 585 26 28 18 39 8 156 13
BRN4 66 70 67 215 123 268 98 129 —530
BRN5 69 72 80 123 181 404 28 137 —2397
BRN6 68 71 75 137 154 349 60 131 —1577
BRN7 20 22 10 98 11 16 61 34 —3558
BRN8 68 71 75 125 159 357 35 127 —1785
BRN9 227 306 21 28 18 37 8 92 —43
BRN10 134 177 17 20 17 35 8 58 -19
BRN11 132 175 17 20 17 35 8 58 —41
BRN12 30 32 8 16 13 20 27 21 —44
BRN13 4 4 1 19 4 3 21 8 =55
BRN14 8 9 3 6 2 6 21 8 —85
BRN15 12 14 4 3 5 8 14 9 -99
BRN16 55 61 9 6 13 24 13 26 —159
BRN17 176 250 19 13 18 33 24 76 -10
BRN18 24 31 5 3 4 9 3 11 -39
BRN19 156 219 18 14 18 32 24 69 —-50
BRN20 2 3 1 6 0 1 4 2 -25
BRN21 9 10 2 13 3 5 5 7 -92
BRN22 6 7 2 2 1 2 8 4 -84
BRN23 5 6 2 9 2 1 12 5 —-94
BRN24 196 282 20 11 16 31 10 81 157
BRN25 405 613 26 30 18 39 8 163 —258
BRN26 86 113 13 7 14 26 13 39 =35
BRN27 230 327 21 10 21 40 19 96 —196
BRN28 22 26 5 5 6 10 13 12 -7
BRN29 6 7 3 4 4 6 20 7 -92
BRN30 12 17 3 5 1 3 6 7 78
Table 4.

Relative deviation, for photon energy 15-150 keV and depth up to 40 mfp, of studied material candidates and

brain tissue properties, in terms of BUFs, equivalent and effective atomic number (Zo, and
and H.U. for all of them were also given. Notice that BRN20 material was the closest one

mimicking.

Z ). The mean values
7‘(7)1’ brain tissue

development of more sophisticated computational models and simulation techniques,
incorporating artificial intelligence (AI) to predict and analyze buildup factors more
accurately. Moreover, such a technique could be useful for the TEM selection
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MFP Geant4 Hirayama Delta (%)
1 4.30 4.55 5.49
2 11.17 11.80 5.31
3 22.92 23.80 3.68
4 39.89 41.30 3.42
5 62.90 65.20 3.54
6 92.84 96.70 3.99
7 130.15 137.00 5.00
8 177.79 187.00 4.93
10 301.90 321.00 5.95
Table 5.

Comparison of Geant4 simulated EABUFs to those of Hirayama for water medium attenuating 0.1 MeV photon
beam.

procedure among a huge number of tissue-mimicking material candidates. Further-
more, the increasing use of personalized medicine, tailoring treatment to individual
patient characteristics, may also drive the need for more precise and individualized
buildup factor data. The potential of these innovations to further improve accurate
and efficient diagnosis, as well as the integration of novel materials and technologies
in medical applications, is obvious.

6. Conclusions

This chapter has provided an in-depth analysis of advanced computational tech-
niques and simulations used to assess gamma-ray buildup factors in human tissues and
tissue-equivalent materials. By highlighting the complicated nature of gamma-ray
interactions with matter, we underscore the critical importance of accurate dosimetry
and imaging in the fields of medical physics, radiation therapy, and diagnostic imag-
ing. Our exploration of photon energy absorption and exposure buildup factors spe-
cific to human tissues reveals significant insights into the methodologies and
experimental findings initiating this area of research. The utilization of sophisticated
simulation tools such as Geant4 has enabled us to model gamma-ray transmission
through water medium, yielding detailed insights into their interaction characteristics.
Validation of these simulations against experimental data ensures their robustness,
reinforcing their applicability in clinical settings. Moreover, the quest for optimal
tissue-equivalent materials is essential for enhancing the precision of radiation dose
calculations, ultimately improving patient outcomes. By integrating computational
and simulation approaches, we have explained the crucial role of buildup factors in
refining medical imaging modalities and optimizing radiation therapy protocols. The
implications of our findings extend the immediate applications to the development of
innovative materials and technologies in radiation shielding and detection. As we
advance our understanding of gamma-ray interactions, we contribute to the ongoing
efforts to enhance the safety and efficacy of medical treatments and diagnostic pro-
cedures. Further advancements, fostering a more profound understanding of radia-
tion interactions and their implications for human health, could be carried out for
future research in this field.
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Abbreviations

GP geometric progression

BUF buildup factor

EABF energy absorption buildup factor
EBF exposure buildup factor

BRN1 AP6

BRN2 ethoxyethanol
BRN3 polyethylene
BRN4 aluminum

BRN5 P.V.C.

BRN6 SB3

BRN7 teflon

BRN8 Witt liquid
BRN9 alderson fat
BRN10 FT1

BRN11 glycerol trioleate
BRN12 alderson lung
BRN13 LN1

BRN14 stacey latex
BRN15 alderson muscle 1
BRN16 alderson muscle 2
BRN17 bakelite

BRN18 goodman liquid
BRN19 lexan

BRN20 M3

BRN21 mix D

BRIN22 MS15

BRN23 MS20

BRN24 nylon-6

BRN25 paraffin wax
BRN26 perspex

BRN27 polystyrene
BRN28 shonka plastic
BRN29 temex

BRN30 water
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Chapter 2

Radiation Caused by Elementary
Particle

Eckehard Mueller

Abstract

Radiation that does not come from the Earth itself accounts for about a third of all
natural radiation that humans are exposed to. Its main source is the Sun, which emits a lot
of particles and electromagnetic radiation. The effects of this radiation, known as the solar
wind, on the Earth’s atmosphere and surface are shown here. The second source is the
very high energy radiation coming from intergalactic space. The radiation from these two
sources is described, as is its interaction with other nuclei. For a better understanding of
the mechanism, the characteristics of the particle structure are explained. The distribution
of the different elementary particle and radiation reaching the surface of the Earth are
given. Examples of the main interactions are explained like the relative high neutron rate
on the surface or why high-energy muons reaching us. A not negligible number of parti-
cles reaching the surface are produced by interactions in the ionosphere or atmosphere.

Keywords: cosmic radiation, elementary particles, solar wind, X-rays, interactions

1. Introduction

Natural radiation is caused by different sources all over the world [1]. For example,
one source is radon coming out of the earth or radioactive carbon captured by trees and
afterward in wood. It is used to determine the age of the Egyptian pharos ([2], p. 1288).
Another big source is particles coming to Earth from space ([3, 4], pp. 23-32). Most of the
time the particle stream or X-rays from space interacts with the nuclei of atoms. This is
the main subject of this chapter. Artificial radiation is not considered. Also, radiation from
the atomic shell, such as changing the energy level of electrons, is not covered here.

First, the basics of elementary particles are given for a better understanding. Then, the
main sources of particles from outer space and the sun are described, followed by the main
particle interactions and their results at the Earth’s surface where the human beings live.

2. Basics to understand particle reactions
2.1 Different elementary “components”

Elementary means that this particle cannot be divided into sub-particles. There
may be a substructure that exists but cannot be separated. The following Figure 1
shows all the components for elementary particles:
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Standard Model of Elementary Particles
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Figure 1.

The different elementary components of matter with their interaction particles (Available from:
https://en.wikipedia.org/wiki/File:Standavd_Model_of_Elementary_Particles.svg; from

cush CC-BY 3.0).

First, we look at the leptons. They are stand-alone particles and never appear as a
single particle with anyone else. The electron is the best-known lepton. The muon has
the same properties and has about 200 times the mass. The tau plays a minor role and
will not be described in detail. If leptons are created every time two particles are
created, the associated (anti-)neutrino will pair up with an electron, muon, or tau. It
based on the conservation law of the leptonic number ([2], p. 1315), which is one of
the four conservation laws in nature.

On the other hand, there are quarks. They never appear alone, which is due to the
strong interaction (see Chapter 2.2). The minimum number is two quarks. This parti-
cle is called a meson. If there are three quarks, it is a baryon, like the proton (uud) or
the neutron (udd) (there are also particles with a higher number of quarks, but these
are irrelevant for this topic). It should be noted that the quarks have an elementary
charge of +2/3 e or — 1/3 e (elementary charge) e = elementary.

For every lepton and quark, there is an anti-particle with the mirrored properties.
The interacting particle is shown on the right (see Chapter 2.2). There is also a
conservation law for baryons, which states that the baryon number must be
conserved [1].
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2.2 Different interactions

There are four different interactions in nature: gravity, electromagnetic interac-
tion, strong interaction, and weak interaction. (The weak and electromagnetic inter-
actions are unified at high energies. At this stage it is called the electroweak
interaction).

In this context, only the strong and weak interactions are relevant. Each interac-
tion has a particle. You can call it a force carrier. An interaction field such as the
electromagnetic field can be transformed by quantum mechanics into particles, in this
case the photon.

The strong interaction has the property, which may be strange to many readers,
that the force increases as the distance between two quarks increases. This means that
more and more energy has to be put into the process of separating two quarks. When
the total amount of energy reaches a certain level, two new quarks are created. This is
due to the equivalent between mass m and energy E: E = m ¢” (c = light speed).

2.3 Definition of an elementary particle

There are different definitions of elementary particles. A restrictive definition is a
lepton or a quark. Here is a less restrictive understanding: An elementary particle is a
lepton or the combination of at most three quarks. This means that a proton or a
neutron are also elementary particles, but not a hydrogen atom, because it is a com-
bination of a lepton (electron) and a baryon, caused by electrostatic attraction.

3. Main natural sources of elementary particles

The most important particle interactions are caused by cosmic. There are two
different sources. One is the Sun itself, with the so-called solar wind. An eruption on
the Sun results in a burst of particles and electromagnetic radiation reaching the
Earth. An indicator of an eruption is the aurora borealis. But also, from interstellar
space [5-7] or from galaxies where are other sources emitting X-rays, y-rays (bursts)
[8-10], and particles reaching the Earth, where the source can be identified and others
where the scientific community is investigating to identify the origin. The Space
Weather Prediction Center of NOAA (National Oceanic and Atmospheric Adminis-
tration) is an organization that monitors the solar flux. This is a good source of
information on solar activity and particle and X-ray showers from the Sun
(available from: https://www.swpc.noaa.gov).

Irrespective of the source, cosmic ray showers are now explained. An incident
primary particle (usually electron e-, muon p-, or proton p) has interacted with the
nucleus of an atom, or rather with a proton or neutron in the nucleus. The neutrinos
are negligible because the cross section is so small that almost no interaction takes
place. If you take 7 earths in a line, half of the neutrinos will have interacted. A
neutron cannot be an incident particle because it decays in 8 minutes (half-life) into
n—>p+e +70,.Thetravel time (speed 300-800 km/s) from the Sun to the Earth is
so much longer than the half-life period that no neutron reaches the Earth, but the
interaction in the atmosphere produces many neutrons.

All particles interact with the nuclei in an air molecule. The induced shower of
particles obtained (photons are also considered as particles) can be divided into three
groups [11]:
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* leptonic particles and X-rays with low energy (soft section)
* baryons and mesons that mostly decay in further particles (hard section)
* whole nucleons or fragments (nucleonic section)

An example of a shower induced by a proton is shown in Figure 2 below. For more
examples of showers, see [12].

The energy aspect of the incident particles is another important fact. To put itin a
nutshell: The higher the energy, the bigger the shower. The energy of the incident
particles goes up to 10°! GeV [5, 15-16]. The flux is proportional to the energy. (see
Figure 3).

If the incoming particle is an electron, a weak interaction takes place. A proton is
transformed into a neutron. Secondary particles and/or hard X-rays (y-quants) are
produced to get into a lower energy state in the nucleus. The X-ray can interact with a
nucleus and produce an electron-anti-electron pair. There could also be an elastic
collision or a capture of the electron by the atom. In the end, there is usually an
inelastic interaction as described above.

One main particle arriving the earth are protons. The proton interacts with another
proton or neutron of the nucleus of an atom. Strong interaction plays the dominant
roll. That means interaction between quarks. This causes new particles like the mesons
(two-quark particles) ©* (ud), ©° (a quantomechanical superposition ut and dd), or -
(da).) «* (ud), 7° (a quantomechanical superposition utl and dd), or x~ (du).

h~ 35 km ®r - 10¥ev
q.t"'; Y : W
. ‘.-"" l p L n
)
f’f ¥ ! ;
s = . .
i S AR

Figure 2.

A typical shower of a proton with the three different sections: blue and green = soft section, ved big dots = nucleonic
section, ved further particles = hard section) (source: https://commons.wikimedia.org/wiki/File:AirShower.svg;
from Mpfiz, GNU-License) [12-14].
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Figure 3.
The flux in dependence of the particle energy for energies greater 10° GeV (Available from: https://commons.
wikimedia.org/wiki/File:Cosmic_ray_flux_versus_particle_energy.svg; from Sven Lafebre, CC BY-SA 3.0) ([4],

p-577)-

4. Reactions and the different results

This chapter describes some of the main reactions in detail. There are more, but
that would go beyond the scope of this chapter.

A pion n* decays by weak interaction into a muon p* and a neutrino (The p* is the
antiparticle of p~. It has a positive charge but the same properties. d is the antiquark
of d). The direction of the arrows is for an antiparticle in the opposite direction. This is
not important for us. The u quark and d quark annihilate to form a W* Boson (force
carrier) and this decays into an antimuon and a neutrino (Figure 4). The interaction
with the n- meson is shown in red (Figure 5).

This is a typical reaction that produced p~ leptons that can reach the surface of the
Earth. Also, cosmic muons and electrons [17] coming from other spaces with very high
energy will penetrate the atmosphere and be stopped in various regions of the Earth.

There are many different interactions that cascade as shown in Figure 2, and
particles reach the Earth’s surface. Describing them all is beyond the scope of this
article. At least four particles reach the surface: protons, neutrons, electrons, and
muons.
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Figure 4.
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Figure 5.
Feynman diagram of a pion- decay.

5. Conclusions

Different types of particles and electromagnetic radiation coming from outside the
Earth affect the amount of radiation on the Earth. There are two main sources, the
Sun, and space. The Sun is the dominant source, producing lots of protons and
electrons, which are also carried into the atmosphere in the so-called solar wind.
Within our atmosphere, many reactions are possible, producing at least four relevant
particles: protons, neutrons, muons, and electrons (neutrinos have a very small cross
section.) Normally, three particles have a charge of +/— e. This is also the cause of the
aurora, which is particularly visible around the maximum of the solar cycle, which
will be reached in 2025. The interstellar muons coupled with gamma rays have high
energy and will hit the Earth. They may scatter in the atmosphere. The further away
from the Earth’s surface, the higher the intensity of all particles. The atmosphere and
the magnetic field act as a shield for charged particles. The total radiation exposure is
0.7 mSv per year [18], which is about 1/3 of the total natural radiation received by a
person. Compared to the amount of other radiation today, it is less, but it contributes
to evolution [19]. The radiation could also affect electronic parts such as notebooks.
[13, 20]. For example, a reboot has to be done. A change of the radiation mix will not
be changing the next hundreds of years. The sun works in the 11 years turn from
maximum-to-maximum radiation very constant of hundred thousand of years. Also,
the intergalactic space in normally quieted or constant, with the exception of Super
Novas that affect nearly not out earth because of the great distances.
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Chapter 3

New Peak on Thermoluminescence
Glow Curve of X-Ray-Irradiated
Single Crystal after Heat Treatment

Yohichi Kohzuki

Abstract

The information on solid-state (internal defect) can be contactlessly obtained
from the phenomenon that light emission occurs from X-ray-irradiated KCL:Eu**
single crystals. A new peak appears around 330 K on the thermoluminescence (TL)
glow curve of the X-ray-irradiated crystals after the quenching from 473 to 773 K
to room temperature. The peak is termed 330 K peak here. It is considered that the
electrons released from F-centres (trapped electrons) lying in the dislocation seg-
ments are captured in the dislocation (linear crystal defect) zone and move along the
dislocation line in the crystal. And further, the electrons combine with Eu® ions near
the dislocation segments at 330 K. The variations of the TL glow curve and initial
dislocation density under the influence of heat treatment confirm that the 330 K peak
depends on the dislocations in the crystal.

Keywords: X-ray irradiation, plastic deformation, dislocation, thermoluminescence,
heat treatment

1. Introduction

Some special materials emit light by mechanical treatment: microcracks, internal
defects, and elastic or plastic deformation. Luminescence due to the mechanical
action is called mechanoluminescence (ML). ML is divided into fractoluminescence
(FL) and deformation luminescence (DL). The former appears at the fracture of
material and the latter in the process of plastic deformation. ML has been investigated
to develop a new sensor that detects deformation and full surface stress distribution
of materials [1-3].

It is extensively known that luminescence occurs for X-ray-irradiated alkali halide
crystals during plastic deformation [4]. Further, various ML (DL and FL) models
have been reported for the irradiated alkali halides so far [5]. As a representative
example, the mobile electron model is introduced in Figure 1(i)-(iv). Alkali halide
crystals such as KCl and NaCl have the structure that cations (e.g., K* or Na*) and
anions (e.g., CI") are alternately arranged, and cation and anion vacancies are
contained in the crystals (see Figure 1(i)). The positive and negative ion vacancies
are low density; for instance, their concentration at the thermal equilibrium state is
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Figure 1.
An example of mobile electron model. (i) before X-vay irradiation, (ii) after X-vay irvadiation (iii) under
loading (dislocation movement) and (iv) recombination (luminescence).

approximately 1.2 x 10~% for the KCl single crystal quenched from 673 K to room
temperature. By exposing the crystal to the X-ray irradiation, some electrons are
excited and then are partly trapped at chlorine vacancies, producing F-centres as in
Figure 1(ii). Simultaneously, V-type centres (hole centres) are also produced in the
crystal after the irradiation. These electron and hole capture centres are in a meta-
stable state. Part of the electrons captured in these F-centres start to migrate along
the crystal in the cause of moving dislocations (linear crystal defects) during plastic
deformation or fracture (Figure 1(iii)). As shown in Figure 1(iv), the recombina-
tion of free electrons close to an anion vacancy with V-type centres contributes to
the thermally stimulated luminescence (TSL) then. Under a certain temperature, the
electrons liberated from the created centres recombine with the trapped holes. And
then, the emission energy released in the recombination process results in the thermal
luminescence (TL), which is represented by sv in Figure 1(iv). Electrons trapped
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at shallow traps are set free from the traps at low temperatures, while electrons at
deep traps begin to liberate within high temperatures. TL of KCl crystal is caused by
the recombination of electrons with Vi (self-trapped hole)- or Vi (Vik-centre near a
cation vacancy)-centres near 230-240 K [6].

KCL:Eu®* has an excellent sensitivity as a X-ray imaging sensor utilizing an
optically stimulated luminescence phenomenon in contrast to pure KCI [7]. It is
extensively known that the rare-earth dopants, Eu®* ions, are fluorescent and cause
strong luminescence. KCL:Eu”" exhibits excellent storage performance and is a reus-
able material for radiation therapy dosimetry [8, 9]. The TL intensity of KCL:Eu**
phosphor is at least three orders of magnitude larger than that of KCl undoped with
Eu”* under the same reading conditions when KCI:Eu** and KCI were exposed to the
same X-ray radiation dose [7]. The dopants, Eu” ions, are known as fluorescence and
cause strong luminescence. Figure 2 shows the mechanism of ML for the KCl:Eu**
crystal irradiated by the X-ray. The red-colored numbers (1)-(5) exhibited in Figure 2
correspond to the following Eq. numbers (1)-(5):

Eu*" - Eu* +e” (1)

e +F">F 2)
F+D—>e +F°F 3)
Ev+e > (Eu2+ ) 4)
(Eu2+ ) — Eu** +hv(420nm) (5)

where ¢” is a free electron, F* is an anion vacancy, D indicates a dislocation, (Eu?*)*
is the divalent europium excited state, and 4v has its usual meaning.

X-ray irradiation causes free electrons and holes in the crystal. Some holes are
trapped at Eu**, producing Eu’*. The situation of Egs. (2) and (3) is as mentioned in
Figure 1(iv). The electrons liberated from F,-and F-centres combine with Eu’* at each

Conduction Band

e Rt Y

Xeray

Valence Band

Figure 2.
Mechanism of ML (mechano-luminescence) for X-irradiated KCl:Eu*".
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temperature, leading to the excited Eu*". Then, 420 nm emission occurs [10]. These
processes are expressed by Egs. (4) and (5).

Figure 3 shows the TL glow curves for KCL:Eu** (0.04 mol%) single crystals irradi-
ated by X-ray at room temperature. These curves are concerned with various irradiation
times (10 sec ~ 120 min) and were obtained by the linear heating of KCLEu* crystal at
24 K min ™, as denoted in Figure 4. The defects in the crystal exposed to X-ray on the
wide surface are not equally distributed in the solid. The defect concentration becomes
smaller as the position of crystal is more central, since much of the energy from X-ray
irradiation is consumed in forming color centres such as F-centres near the surface of
the sample. And so, the unit of vertical scale of Figure 3 is represented by a.u. (arbitrary
unit) here. The two TL glow peaks at temperatures of 370 and 450 K are due to F,-and
F-centres, respectively [12, 13]. The former peak at low temperature is hereafter termed

NI Kol
| [
[r04s F PAE
RIFS
(WK FE —lmin
_
«-; DRYE SO o —dnin
: —
m .
. 043 F [ tmmn
I_.\ j
T oz | b,
i min
= 4imrin
LI
j ! Srmrin
=5 1Iehin
1 20wing
041 F
naas F
I
il 350 4o 45 300

Temperature (K)

Figure 3.
Variations of TL glow curve with the irradiation time (10 sec ~ 120 min) for KCl:Eu®* (0.04 mol%) single crystals
irradiated by X-vay at room temperature [11].
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Figure 4.
Heating curve for the specimen (X-ray-irradiated KCl:Eu** crystal).
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Figures.
Defects (F-centre, I-V dipole and F,-centre (i.e., F-centre near I-V dipole) ) in KCl:Eu*"single crystal irvadiated by
X-ray at room temperature.

LTP, and the latter at high-temperature HTP. The electrons trapped at F,-centres are
set free from the traps at low temperature, while electrons at F-centres begin to liberate
within high temperature. F,-centres, namely seem to be shallow traps for the trapped
electrons as compared with F-centres in the crystal.

The divalent cations (Eu”" ions) induce cation vacancies for the purpose of
conserving the electrical neutrality and are often paired with the vacancies, forming
Eu”* ion-vacancy dipoles for the crystals quenched from a high temperature. The pairs
are termed I-V dipoles. The divalent cations strongly attract the cation vacancies in
the crystal [14].

Figure 5 shows the defects in the X-ray-irradiated KCL:Eu** crystal at room temper-
ature. By irradiating KCL:Eu** crystal with the X-ray, electron-hole pairs are made in
the crystal, and chlorine vacancies store the electrons. This process produces F-centres
(trapped electrons) and F,-centres (F-centres near I-V dipoles). In Figure 3, the two
peak heights due to F-centres and F,-centres have become large with the X-ray irradia-
tion time. This is because the concentration of F-centre is higher with the irradiation
dose. And also, the peak temperature for F,-centre (i.e., around 370 K of the TL glow
curves) increases with its time. This may suggest that the excitonic electrons are
trapped more deeply with time. While the peak for F-centre shifts to a slightly high-
temperature side when the irradiation dose increases below the 6 min irradiation.

2. Experimental procedure

KCl single crystals doped with Eu** (0.03 and 0.1 mol% in melt) were prepared by
cleaving the ingots, which were grown from the melt of superfine reagent powder by
the vertical Bridgman method, to the size of 2.5 x 3.5 x 5.0 mm”. The samples cleaved
from the ingots were thereafter heat-treated, as illustrated in Figure 6. Namely,
the samples were annealed at 953 K for 16 h and were cooled to room temperature
at 40 K/h in order to remove internal strains as much as possible. Furthermore, the
samples were kept at the elevated temperature of 373 to 773 K for 7 min and then were
quenched to room temperature for the purpose of dispersing the dopants (Eu**) in
the crystal. Only the sample quenched from 673 K was further reannealed at 953 K for
16 h and was gradually cooled to room temperature.

The samples were subsequently exposed to the X-ray for 3 min at room tem-
perature. The X-ray irradiation was carried out with W-target operated at 40 kV
and 30 mA by Shimadzu XD-610, as shown in Figure 7(a). The distance between
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Heat treatment diagram for preparing samples.

the centre of radiation source and the W-target is 0.1 m. The absorbed dose rate of
KCLEu”" at the sample position was about 5.22 Gy min'. KCL:Eu** single crystal
before and after the X-ray irradiation is shown in Figure 7(b) and (c).

The TL intensity observing system is schematically illustrated in Figure 8. As
thermofluorescent material is heated at a constant rate, luminescence is caused at a
certain temperature and its peak is observed on a TL glow curve. This was conducted
by heating at the rate of 20 K min~" in the dark to avoid the unwanted effect of

(a)

High Voltage

W Target

Anode

Figure?7.

Filamwent

~

Cathode

Shustter

Sample

Bearn Trap

(a) X-ray genevation mechanism and sample (KCI:Eu** single crystal, (b) before, and (c) after the X-ray

irradiation).
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Figure 8.
Schematic diagram of TL measurement.

Experimental apparatus Description
Temperature controller Chino JP1131-R00
Multimeter (thermometer) Keithley instruments DMM2000
Photo multiplier Hamamatsu R-928
High voltage Hamamatsu regulator DC supply: HPK-C665
Ammeter Keithley instruments 485 picoammeter
Heater and Sample holder Handmade
Table1.

Experimental apparatus for TL measurements of 3 min X-ray-irradiated KCl:Eu®" (0.03 mol%) single crystals
after the heat treatment.

environmental light. And further, the infrared rays from the heater were excluded

by using the filter. The data registration was controlled by a temperature controller
(Chino JP1131-R00). TL measurements were carried out at 300-523 K using a photo
multiplier (Hamamatsu R928) with a sensitive region from 185 to 900 nm through a
lens. The details of the TL observing system were described elsewhere [15]. The vari-
ous apparatuses for TL are given in Table 1. Luminescence intensity was recorded in a
personal computer and then the data were processed.

The density of dislocations in some samples prepared by the above-mentioned
treatment was measured by etch pits technique. Corrosive liquid was the saturated
solution of PbCl, in ethyl alcohol, adding two drops of water [16]. The etching on a
(100) plane of the samples was performed at room temperature for 10 min.

3. Results and discussion

3.1 TL glow curves of X-ray-irradiated KCl:Eu”* crystals after various heat
treatments

Figure 9(a) shows the TL glow curves of 3 min X-ray-irradiated KCL:Eu**
(0.03 mol%) single crystals after the quenching from 373 to 773 K to room tempera-
ture. Scaled-up representations of Figure 9(a) are shown in Figure 9(b) within
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Figure 9.

(a) TL glow curves and (c) (%) 330 K peak, (M) LTE, and (&) HTP intensities on the TL glow curves for 3 min
X-ray-irradiated KCl:Eu®" (0.03 mol%) single crystals after quenching from various temperatures T: (—) 373 K,
(—) 473K, (—) 573K, (—) 673K, (—) 773 K, and (—) N.Q. (no quenched) [17]. These curves in
Figure 9(b) are scaled-up representations of the corresponding curves in Figure 9(a).

the temperature range of 300-350 K. The height variations of TL glow peaks in
Figure 9(a) with the quenching temperature are shown in Figure 9(c) for the crys-
tals, which are obtained taking account of base line. The data for the only irradiated
sample without quenching treatment are also shown in these figures to examine the
influence of quenching on the TL glow peaks.

As can be seen from the TL intensity for each peak in Figure 9(c), both LTP due
to F,- centres and HTP due to F-centres tend to be large with the quenching tempera-
ture. The new peak appears around 330 K on some TL glow curves in Figure 9(a)
and (b), which is named the 330 K peak here. Concerning the 330 K peak, the peak
intensity is zero, independent of the quenching temperature below about 373 K.
However, it appears on the TL glow curves for the crystals quenched from 473 K and
is barely larger with the quenching temperature.
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Figure 10.
Vaviant TL glow curve of 3 min X-ray-irradiated KCl:Eu®** (0.03 mol%) single crystals after the following treatments:
(—) no quenched; (—) quenching from 673 K; (—) quenching from 673 K —> annealing at 953 K [17].

The black solid line in Figure 10 is the TL glow curve for the only irradiated
crystal. While, the red solid one in Figure 10 corresponds to the green-colored one
in Figure 9(a), that is to say, for 3 min X-ray-irradiated KCL:Eu** (0.03 mol% in the
melt) single crystal after the quenching from 673 K to room temperature. With regard
to the irradiated crystal previously quenched from 673 K and subsequently annealed
at 953 K, it is represented by the blue solid line in Figure 10.

As observed in Figure 10, the 330 K peak becomes to appear around 330 K on the
red-colored TL glow curve by quenching the KCL:Eu** crystal from 673 K. Annealing
the crystal after the quenching heat treatment, the 330 K peak disappears on the TL
glow curve (blue solid line).

The energy level diagram of the 330 K peak for the crystal is illustrated in Figure 11,
where the new centre is considered to be the F-centre nearby the dislocation segment.
And further, the new centre has a similar TL mechanism as the F-centre, as denoted
by Egs. (4) and (5). That is to say, the electrons released from the F-centres lying in the
expansion region of the dislocation segments are captured in the dislocation zone. The
dislocation-captured electrons move along the dislocation line under Coulomb attrac-
tion caused by the Eu’* ions and combine with Eu** ions near the dislocation segments
at 330 K, leading to the (Eu**)*. Then, (Eu*")* transforms to the ground state, emitting
the characteristic light of wavelength 420 nm.

From this model, it may be deduced that the 330 K peak intensity is influenced by the
dislocation density in the crystal. This is described in the next section (i.e., Section 3.2).
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Figure 11.
Schematic energy level diagram of 330 K peak for X-ray-irradiated KCl:Ew** crystal after quenching treatment
from the temperatures 473773 K (veproduced from Figure 9 in Ref. [18]).
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3.2330 K peak intensity dependent on the density of dislocations in the crystal

Initial dislocation density dependence of quenching temperature is shown as solid
circles in Figure 12(a) for KCL:Eu** (0.1 mol%) single crystals. Etch pits technique
was used to detect the density of dislocations. The density of dislocations in the
crystal is almost constant (0.83 x 10° cm™?) independently of quenching temperature
below about 400 K. Above the temperature, it becomes larger with the quenching
temperature. Especially, the increment is remarkable at 573-673 K. Such a tendency
of the dislocation density is similar to the variation of 330 K peak intensity with the
quenching temperature at 300-773 K, as can be seen from the blue dotted line in
Figure 9(c). Namely, this experimental result on the variation of dislocation density
supports that the appearance of 330 K peak on the TL glow curve is caused by the
phenomenon based on the dislocation segments in the crystal.

Figure 12(b) and (c) are the optical micrographs of the etch pits for KCL:Eu**

(0.1 mol%) quenched from 673 K and for annealed at 953 K for 16 h after the quench-
ing from 673 K, respectively. The etched planes at plots represented by “micrograph
(b)” and “micrograph (c)” in Figure 12(a) are displayed in Figure 12(b) and (c).
Although it is difficult to resolve the individual etch pits for high dislocation density,
the measurement of dislocation density in a crystal has been carried out by the etch
pit technique. The position of dislocation after the heat treatments is marked by a
pyramidal pit, while the position where a dislocation slipped out on a slip plane in the
crystal after the treatment is marked by a flat-bottom pit. The dislocation densities
ona (100) plane are found to be 5.18 x 10° cm ™ for the crystal quenched from 673 K
and 1.23 x 10° cm ™ for the crystal quenched from 673 K and subsequently annealed
at 953 K for 16 h. The dislocation density decreases by annealing the crystal quenched
from 673 K. This remarkable decrease in dislocation density is considered to cause
the disappearance of the 330 K peak on the TL glow curve (blue solid line) observed
in Figure 10. This also supports the idea that the 330 K peak intensity depends on the
dislocation density of the crystal.
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Figure 12.

(a) Initial dislocation density on (100) planes of KCL:Ew** (0.1 mol%) single crystals quenched from (e) each
temperature from 300 to 773 K and prepared by (o) the heat treatment: annealing at 953 K after quenching from
673 K (veproduced from Ref. [17] with permission from the publisher). Optical micrographs of the etch pits for the
samples, (b) quenched from 673 K, and (c) quenched from 673 K and subsequently annealed at 953 K.
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4, Conclusion

The new peak (i.e., 330 K peak) is found to appear on the TL glow curves of 3 min
X-ray-irradiated KCLEu®** (0.03 mol%) single crystals after the quenching from 473
to 773 K to room temperature. However, by X-ray-irradiating the annealed KCl:Eu**
crystal at 953 K after quenching treatment from 673 K, the 330 K peak disappears on
the TL glow curve. This annealing treatment causes a remarkable decrease in disloca-
tion density. This leads to the phenomenon that the 330 K peak intensity is variable
depending on the density of dislocations in the crystal. This result will provide us
with a useful method to investigate the deformation structure concerned with dislo-
cations in materials contactless and will be applied to new stress sensors in the future.
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Advancements of Nanomaterials
for Diagnostic Imaging,
Radiotherapy, and Nuclear
Medicine
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Abstract

Among the main purposes in the medical industry for prevention, diagnosis, and
treatment of diseases are controlling radiation doze using a state-of-the-art medical
technology, and optimizing image quality. The study of radiation properties and
their effect and interaction, medical imaging analysis, and nuclear medicine offer
unwavering interest. Nanomaterials play a key role in the innovation, design, and
development of medical technologies in health care by testing, implementation, and,
development of new diagnostic and medical equipment. Because of their unique
characteristics and properties, they have become the most chooseable and multi-
purpose devices in the medical industry. They have grasped and gained considerable
attention and offer unwavering interest due to their wide extent of technological
applications, especially in the medical sector. Nanomaterials have been playing a sig-
nificant role in the medical sector in the production of medical devices and bone and
joint replacement biosensors for replacing damaged organs, correcting abnormalities,
and thus improving the quality of life of patients. In this paper, we have attempted to
highlight the applications and important progress achieved by nanomaterials to give
a comprehensive understanding of various medical techniques with radiation prin-
ciples, medical imaging, radiotherapy, and nuclear medicine. Finally, the challenges
and future trends for the development and design of safe nanomaterial for medical
technology and applications have been suggested.

Keywords: nanomaterials, radiation, diagnostic imaging, radiotherapy,
nuclear medicine, radioisotopes, radiopharmaceuticals
1. Introduction
The application of nanomaterials in the medical industry is currently an active

field because of old materials and properties from bulk scale modified with new
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ones into the nanoscale. Materials play a privileged role since they often lead to new
unexpected phenomena, such as superconductivity, magnetic effects, or new topolo-
gies [1-3]. These new overall properties, nanomaterials offer exciting opportunities
in medicine for the detection and treatment of diseases due to their unique char-
acteristics and properties to enhance drug targeting capacities, bioavailability, and
biocompatibility [4-6].

Material-based technologies have been becoming a fundamental part of our daily
lives, starting from the development of electronic circuits, space and satellite tech-
nologies, and the improvement of medical technologies. We are observing that for
tackling the big issues in the world today, developing new technologies to solve the
most challenging problems like combating climate change, adopting drug discovery
mechanisms to fight disease, ensuring data security issues, addressing energy needs
and storage technologies, and so on to improve our lives [7-9].

Nanomaterials, with their unique properties at the nanoscale level, have revolu-
tionized the medical field. The continuous progression of medical technologies has
significantly improved the quality, accessibility, and personalization of healthcare
services by enhancing patient outcomes and transforming the way medicine is
delivered, enabling pioneering solutions that address unmet medical needs and
effective medical interventions. Modern clinical practice and research are heavily
dependent on technology, and hospitals are equipped with nanomaterial devices for
clinical measurement, diagnosis, and treatment [5-11]. Nanomaterials possess unique
physical, chemical, biological, thermal, radiation, and magnetic properties that make
them highly versatile for applications in diagnostic, imaging, therapy, and nuclear
medicine. Continued research and development in nanotechnology hold promise
for advancing precision medicine and improving clinical outcomes for patients with
cancer and other diseases [12-17].

Radiation technology has attracted a much broader base of professionals and is a
rapidly growing field that provides wide applications in medicine for radiation pro-
tection, radiation therapy, diagnostic, imaging, treatment of human disease, radia-
tion oncology, radiation safety, and radiation dosimeter programs [6, 18]. For safety
and quality assurance in the use of radiation for medical purposes targeted to reduce
unnecessary radiation risks, nanomaterial has played a pivotal role in the diagnostic
imaging and treatment of disease with ionizing radiation and provided the scientific
base, initially for the understanding of the production of radiation (its interaction
with matter, measurement parameters, and dose) for the technological development
of medical equipment [9, 10, 19, 20].

Figure 1 illustrates the central role of nanomaterials in medicine, highlighting
their applications in diagnostic imaging, radiotherapy, and nuclear medicine (radio-
pharmaceuticals and radioisotopes). Each of these fields is interconnected, showcas-
ing the interdisciplinary impact of nanomaterials in advancing medical technologies.

In the following basic subsections, some of the most impactful and innovative
applications have been described among the groundbreaking advancements that
have revolutionized the medical industry for diagnosis imaging, therapy, and nuclear
medicine, as described in Figure 1. In the first part, diagnostic imaging principles
are described. Then, the development of medical technologies like imaging and laser,
radioisotopes, and magnetic materials used for the medical industry has been listed in
their subtitles. In the final section the challenges and future trends, with the conclu-
sion, for the development and design of safe nanomaterial for medical technology has
been suggested.
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Figure 1.
Application of nanomaterials in medicine (diagnostic imaging, vadiotherapy, and nuclear medicine).

2. Diagnostic imaging

Medical image analysis for disease detection and diagnosis is a rapidly evolv-
ing field that holds immense potential for improving healthcare outcomes [2, 5].
Diagnostic imaging involves understanding the physical principles underlying various
imaging modalities and technologies used to optimize image quality, ensure patient
safety, and improve diagnostic accuracy which enables the study of the function
and morphology of the human body in detail [21-25]. However, modern medical
imaging includes not only image production but also image processing, computer-
aided diagnosis, artificial intelligence-assisted, image recording and storage, image
transmission, and many more. There have been remarkable improvements in medical
imaging, diagnostic, and therapeutic procedures toward human health in various
modalities [26-28]. For example, superparamagnetic iron oxide nanoparticles provide
for MRI contrast, gold nanoparticles for x-ray attenuation for CT scans, and radioiso-
tope nanoparticles for visualizing metabolic processes. Ensuring minimal radiation
exposure to patients while maintaining diagnostic image quality is a primary concern
[3, 29, 30]. The medical industry, in general, and the medical imaging modality, in
particular, have considerably advanced through different modalities and techniques.
Among these accomplishments, nanomaterials played a significant role and took a
lion’s share [1, 31, 32].

Ensuring minimal radiation exposure to patients while maintaining diagnostic
image quality is a primary concern, particularly with modalities like X-ray and CT.
Balancing effective dose and image quality requires continual vigilance and optimiza-
tion. Achieving high-resolution images that accurately represent the patient’s condi-
tion is complex. It involves adjusting various parameters and technologies to enhance
diagnostic utility while avoiding artifacts and distortions [11, 30, 33]. Keeping pace
with rapid advancements in imaging technology and integrating new modalities and
techniques into clinical practice pose ongoing challenges. This includes adapting to
new hardware, software, and imaging protocols [34].

Regular calibration and maintenance of imaging equipment are crucial to ensure
reliable and consistent performance which requires systematic quality assurance
programs and technical expertise to identify and rectify any issues. Adhering to
regulatory standards and guidelines for radiation safety, equipment performance, and
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imaging protocols requires ongoing education and vigilance. Addressing these chal-
lenges involves continuous education, technological innovation, and interdisciplinary
collaboration to enhance diagnostic imaging practices and improve patient outcomes
(1, 25, 35].

Research continues on methods to minimize radiation exposure without com-
promising image quality. This includes advancements in imaging technology, such
as improved detectors and advanced image reconstruction algorithms. Tailoring
imaging protocols and techniques to individual patient needs based on their unique
anatomical and physiological characteristics could lead to more precise diagnoses and
better patient outcomes [28, 36].

Using different imaging technologies and techniques to provide a more compre-
hensive view of patient conditions and to improve image reconstruction algorithms
to reduce noise, enhance resolution, and speed up imaging processes. Improving data
management systems to handle the increasing volume of imaging data, ensuring secure
storage, retrieval, and sharing of images while maintaining patient privacy [22, 37].
These research areas aim to push the boundaries of diagnostic imaging, enhancing both
the quality of patient care and the efficiency of diagnostic processes [25, 26].

3. Radiotherapy

Radiation technology has attracted a much broader base of professionals and is a
rapidly growing field that provides a wide application in medicine in radiation protec-
tion, radiation therapy, diagnostic imaging, disease treatment, radiation oncology,
and radiation safety and radiation dosimeter programs [38, 39]. The use of ionizing
radiation has changed enormously for the treatment of cancer since the discovery of
X-rays and radium. These initial efforts stimulated a revolution of conceptual and
technological innovations that formed the basis of the safe and effective therapies
used today [40-43].

Radiotherapy is a medical treatment that uses high-energy radiation to destroy
cancer cells or shrink tumors and damage the DNA within the cancer cells, inhibiting
their ability to grow and divide, ultimately leading to cell death [33, 44, 45]. It can
be administered externally using machines or internally through the placement of
radioactive sources near or within the tumor as well as using advanced radiotherapy
techniques to enhance the precision and effectiveness of treatment, offering better
outcomes and fewer side effects for patients [2, 35, 45, 46].

Radiotherapy can cause side effects in healthy tissues near the treatment area.
Managing these side effects and minimizing their impact on the patient’s quality of
life is a key challenge [1, 39, 44, 47, 48]. Adapting radiotherapy to individual patients
based on their specific disease type, genetics, and overall health can be complex and
requires ongoing research and adaptation of treatment strategies [33, 39]. Addressing
these challenges involves continued research, technological innovation, and a mul-
tidisciplinary approach to enhance the effectiveness and safety of radiotherapy for
patients [49-51].

Studying the long-term effects of radiotherapy, including late-onset side effects
and quality-of-life issues, helps in developing strategies for follow-up care and
improving survivorship outcomes. Research advancements in radiotherapy equip-
ment, such as more precise treatment machines or improved quality assurance
technologies, contribute to better treatment delivery and safety. These research
areas collectively aim to advance the field of radiotherapy, making treatments more
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effective, precise, and patient-friendly while addressing the challenges faced in cur-
rent practices [38, 40, 50, 52].

Therapeutic radiopharmaceuticals are used to treat a previously diagnosed disease
or disorder. Radiopharmaceutical therapy is emerging as a safe and effective targeted
approach to treating many types of cancer [53].

4, Nuclear medicine

Nuclear medicine is a highly multidisciplinary specialty that develops and uses
instrumentation and radiopharmaceuticals to study physiological processes for
diagnosing and treating diseases. It is most often used to evaluate the function of any
organ or structure in the body, diagnose and stage various diseases, and treat certain
illnesses. It involves the use of radioactive material to diagnose and treat different
conditions by providing both structural and functional analysis of conditions such as
certain types of cancer and neurological and heart diseases [20, 54].

The medical technologies that are used for the treatment and diagnostic applica-
tions have started with the invention of X-rays and radioactivity, which could open
a new era of nuclear medicine, which is the way of using radionuclides and radioiso-
topes. Due to the identification of diseases and treatment processes being complex
and slow, advances in the medical sector have been showing inspired progress to
facilitate, simplify, and reduce the costs of delivering improved health care [3, 20, 21].
Nuclear medicine uses radioactive tracers (radiopharmaceuticals) inside the body
to see how organs are functioning (for diagnosis) or to destroy damaged organs (for
treatment). It is expanding rapidly, especially due to new imaging technologies that
improve the accuracy of detection, localization, and characterization of diseases
[55, 56]. Current clinical applications of nuclear medicine include the ability to
diagnose diseases, assess therapeutic response by reducing exposure with effective
treatment methods, and develop new cost-effective and state-of-the-art medical
technologies (higher resolution, faster, and more accurate imaging instruments) to
improve disease diagnosis and treatment.

In the next subsections, the role of radioisotopes and radiopharmaceuticals in
nuclear medicine, both for diagnosis and therapeutic purposes, is highlighted.

4.1 Radioisotopes

From the beginning of discoveries of atoms, from the ideas of the Greek phi-
losophers, goes to the discovery of natural radioactivity at the end of the nineteenth
century, then the understanding of the structure of atoms, the discovery of elemental
isotopes, and finally the discovery of radioactive decay have played the critical roles in
the functioning of nuclear medicine and technology [40, 41, 57, 58].

In nature, many radioisotopes have medical applications that have been developed
by nuclear science and technology. Radioactive tracers have been widely used for
diagnostic purposes and the treatment of diseases. Such use is generally known as
nuclear medicine. Radioisotopes have applications in diagnosis, therapy, and health
care including radiopharmaceuticals [5, 7, 13]. The medical industry has been greatly
influenced by the development of radioisotopes for imaging techniques, dosimeters,
and radiation protection. Recently, artificially produced radioactive isotopes used
in medicine have taken from the immediate discovery of natural and later artificial
radioisotopes for several medical applications [9, 39, 59].
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So, for the evolution of new technologies in the medical industry, a radioisotope-
based technology has led to improved diagnostic capabilities, more effective treat-
ments, and enhanced patient safety.

4.2 Radiopharmaceuticals

Radiopharmaceuticals are substances that contain a radioisotope and have
properties that make them effective markers in medical diagnostic or therapeutic
procedures. Radiopharmaceuticals contain small amounts of radioisotopes that can
be produced by irradiating a specific target inside particle accelerators under carefully
controlled conditions and validated standard operating procedures [30, 34, 47, 60].
These radiopharmaceuticals for imaging organ function and disease involvement are
the unique capabilities of nuclear medicine. Radiopharmaceuticals used in diagnostic
nuclear medicine procedures generally emit either gamma radiation or positrons, and
the half-lives of radionuclides for imaging applications generally span from minutes to
several hours [54, 60, 61].

Radiopharmaceuticals are used in small amounts to evaluate the function of dif-
ferent organs. For medical treatment and diagnostic purposes, a radioisotope (com-
posed of either a standalone radionuclide or an organic molecule) is attached and
delivered by inhalation, oral, intravenous, or interstitial route used for selected pur-
poses to specific organs, tissues, or cells. The images captured with the detector from
the radiation emitted by the radiopharmaceuticals will be analyzed [57, 58, 60, 61].

5. Future developments in nanomaterial for medical applications

The field of nanomaterials is rapidly evolving, promising groundbreaking
advancements in medical imaging, therapy, and nuclear medicine [2, 22, 23]. While
nanomaterials offer immense potential, challenges such as biocompatibility, toxic-
ity, and long-term effects need to be carefully addressed. Future research will focus
on developing more sophisticated nanomaterials with improved properties and
targeted delivery systems [27, 41, 45, 50]. Technical progress has produced a variety
of novel imaging techniques and has enormously extended diagnostic opportunities.
Advanced technical improvements, introduction of new imaging modalities, and
progressive use of computer technology in diagnostics (like image generation and
interpretation, processing and archiving, and so on) should be considered, for the
improvement of current imaging procedures [62-64].

In the time and age of big data, healthcare systems have been shifting from the
traditional focus on safety and regulatory compliance to new artificial intelligence for
supporting the information-based use of technology and accurate data analytics. A
key issue especially faced in imaging is the design of an imaging probe which includes
biocompatible, easily excreted from the body, signal, and sensitivity, targeting to the
area of interest, the selection of a radioisotope with sufficient half-life and optimal
energy, low toxicity, and good bio-distribution. Nanomaterials can potentially over-
come these limitations due to their advantageous size and physiochemical properties
[2, 65, 66].

Figure 2 has outlined focusing on nanomaterials for medical applications with
in three areas. Future challenges include biocompatibility, toxicity, and long-term
effects. Secondly, on the research focus, on developing sophisticated nanomaterials,
improving imaging techniques, and targeted delivery. Thirdly, the key issues involve

48



Advancements of Nanomaterials for Diagnostic Imaging, Radiotherapy, and Nuclear Medicine
DOI: http://dx.doi.org/10.5772/intechopen.1008183

Future Challenges, Research Focus and Key Issues in
MNanomaterials for Medical Applications

— — .-/

Challenges —
: Research Focus . © Keylssues

= >

| Einmr;patjbily _ l—'ﬁ*'—

I ' Diaflgr:o?;nﬁiiaglng
B T =i e |
- P iy _,..- s
Improvement of Novel imaging | Signal and sensitivity
|._ Long-term effects | | pr mchniquss | | V& T |
| Targeted delivery systems | |S?leftion of a radioisotope |
r{.Aauuumte data analytics ] : “Jﬁ_ﬁﬁmlmmgamnﬁ |

l{hmpm Rmb;gmm lm]

Figure 2.
Future developments in nanomaterial for medical applications.

the design of imaging probes, signal sensitivity, and the selection of radioisotopes, as
well as the removal of samples from the body. This provides a comprehensive over-
view of the critical aspects in nanomedicine.

In recent years there have been so many extraordinary improvements that have
been made toward the development of medical technologies, diagnosis, therapeutic,
and treatment of diseases. However, with its increasing incidence, medical manage-
ment continues to be a challenge for the future.

6. Conclusion

The application of nanomaterials in the medical field has transformed diagnostic
imaging, radiotherapy, and nuclear medicine, offering unprecedented opportunities
for improved patient care and outcomes. They possess unique physical, chemical,
biological, thermal, radiation, and magnetic properties that have been leveraged
to enhance the capabilities of various medical technologies. In diagnostic imaging,
nanomaterials have played a pivotal role in improving image quality, contrast, and
safety. Superparamagnetic iron oxide nanoparticles, for instance, have enhanced MRI
contrast, while gold nanoparticles have improved X-ray attenuation for CT scans.
Continuous research aims to further optimize imaging techniques, minimize radia-
tion exposure, and develop personalized imaging protocols tailored to individual
patient needs. Advancements in data management, image processing, and artificial
intelligence-assisted diagnostics have also contributed to the evolution of modern
medical imaging.

For therapeutic applications, nanomaterials have changed treatment approaches,
leading to more targeted and effective radiation delivery. Nanoparticle-assisted
radiation therapy and other nanotechnology-enabled techniques have expanded
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the options for cancer treatment, improving targeting and reducing side effects.
Moreover, nanomaterials have enhanced radiation protection and dosimetry, ensur-
ing greater safety for both patients and healthcare professionals. The application of
nanomaterials in nuclear medicine has improved the specificity, bioavailability, and
stability of radioisotopes, leading to more effective radiopharmaceuticals and tar-
geted drug delivery systems. These advancements have enhanced the diagnostic and
therapeutic capabilities of nuclear medicine, contributing to earlier disease detection
and more personalized treatment strategies.

As the medical field continues to evolve, the integration of nanomaterials into
diagnostic, imaging, radiotherapy, and nuclear medicine technologies holds immense
promise. Ongoing multidisciplinary collaboration and continued research will be
crucial to fully realize the potential of nanomaterial in advancing precision medi-
cine, improving patient outcomes, and addressing unmet clinical needs. The future
of healthcare is poised to be significantly shaped by the remarkable capabilities of
nanomaterials.
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X-Ray Techniques in Analytical
Chemistry
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Abstract

X-ray imaging is an important tool for non-destructive analysis, providing insights
into internal structures without damaging the sample. Traditional X-ray techniques
often require high doses of radiation and are not flexible enough, requiring advanced
methods that improve resolution while minimizing exposure. This chapter examines
state-of-the-art X-ray imaging techniques, including X-ray fluorescence (XRF) for
elemental analysis, X-ray diffraction (XRD) and powder X-ray diffraction (PXRD)
for crystal structure determination, and X-ray absorption spectroscopy (XAS), single
crystal X-ray diffraction (SCXRD), and X-ray emission spectroscopy (XES), and
analyzes their applications, limitations and development potential to advance the
field and highlight their transformative impact on scientific and industrial fields.
Innovative approaches such as flexible detectors and sophisticated data analysis
are well on their way to revolutionizing X-ray imaging. Since its introduction in the
1890s, X-ray imaging has been essential in medical diagnostics and industrial inspec-
tions. Continuous optimization and innovation are crucial for further progress.
Literature reviews and case studies demonstrate the benefits of techniques such as
SCXRD and XES for precise structural analysis, while small-angle X-ray scattering
(SAXS) provides valuable insights into molecular and material properties. The chap-
ter highlights the critical role of X-ray imaging in various fields, including materials
science, chemistry, biology, forensics and quality control. Closing research gaps and
promoting continuous innovation improves the understanding and application of
X-ray technologies. The future of X-ray imaging promises enormous breakthroughs
in numerous disciplines. This chapter highlights the importance of advancing X-ray
imaging techniques to address new challenges.

Keywords: X-ray imaging, XRF, XRD, XAS, XES, SAXS

1. Introduction to X-ray techniques

X-rays were discovered accidentally by Wilhelm Conrad Rontgen in 1895 and
revolutionized medical imaging [1]. This breakthrough enabled precise diagnosis of
bone fractures, foreign bodies and dental problems. Roentgen’s discovery earned him the
Nobel Prize in Physics in 1901. Since then, X-rays have become indispensable in various
fields such as medicine, industry and security [2]. X-rays are electromagnetic radiation
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produced when inner orbital electrons are ejected from atoms and other electrons sub-
sequently transition to lower energy levels [3]. Their wavelengths are between 0.01 and
10 nanometers [4]. When X-rays interact with matter, they can be absorbed, scattered or
fluorescence induced. Coherent scattering can produce diffraction patterns that are used
to analyze the structure of complex materials [5]. X-ray techniques such as radiography,
x-ray diffraction and x-ray fluorescence spectrometry use fundamental principles to
analyze the structure, morphology, chemistry and elemental composition of a material.
These methods include processes such as fluorescence, diffraction, spectroscopy and
absorption fine structure and provide detailed insights into materials [6]. By leveraging
emission, absorption, scattering, fluorescence and diffraction mechanisms, these tech-
niques provide essential information for various applications in fields such as materials
science, biology and forensics. X-ray techniques are versatile and crucial to advancing
our understanding of complex materials and their properties [7].

2. Historical development

The discovery of X-rays by Wilhelm Conrad Réntgen in 1895 revolutionized
medical imaging. Advances in the early twentieth century greatly improved imag-
ing capabilities [8]. In 1912, Max von Laue’s discovery of X-ray diffraction further
transformed scientific research by enabling detailed studies of crystal structures
and molecular arrangements [9]. Subsequent developments in X-ray spectroscopy,
computed tomography (CT) scanning and digital imaging have greatly improved our
understanding of materials and biological systems. These techniques are essential for
scientific research and enable precise insights into internal structures [10]. Ongoing
innovations in instrumentation, data analysis and imaging modalities continue to
drive progress in diverse fields, from healthcare to materials engineering [11].

3. Nature and properties

X-rays and ionizing radiation displace tightly bound electrons from atoms and
thus produce ions. These electromagnetic waves have wavelengths ranging from about
0.01-10 nanometers and frequencies between 10" and 10% Hz [12]. X-rays interact
with matter through processes such as photoelectric absorption, Compton scattering
and Thomson/Rayleigh scattering. This results in a loss of energy as it passes through
materials [13]. The ability of X-rays to penetrate materials depends on their energy
level; lower energy X-rays (about 17 keV) are used in mammography to visualize tissues
with lower electron density, while higher energy X-rays (about 80 keV) are used in CT
scans of the brain to penetrate denser tissues. This variation in energy levels is essential
for effective medical imaging [12]. Despite their ionizing nature, which requires careful
handling, X-rays have driven technological advances in healthcare and materials science
and played a critical role in modern scientific and technological applications [2, 14].

4. Safety consideration

X-rays are essential tools in medical imaging, industrial inspections and scien-
tific research, providing valuable insights into the internal structure of matter [13].
IR exposure can lead to acute or chronic health problems, including cancer and a
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shortened lifespan. Excessive X-rays can pose immediate health risks. Long-term
exposure increases the risk of cancer and genetic defects [15]. Technological advance-
ments, such as digital radiography and computed tomography, have enabled the
development of lower-dose X-ray systems that prioritize image accuracy and safety
[16]. Implementing X-ray safety measures, including shielding and adherence to
protocols, is crucial for minimizing the risks of radiation exposure while effectively
utilizing technological innovations [17].

5. Various applications of X-ray techniques

X-ray techniques are indispensable in medical diagnosis, scientific research,
industry and agriculture. They provide detailed internal information about the
nature of materials [18]. X-rays play a critical role in improving healthcare, advancing
scientific discovery, improving product quality and optimizing agricultural practices
[19, 20]. In the medical field, X-rays are essential for diagnosing fractures, tumors
and infections and facilitating treatment planning and monitoring. Techniques such
as computed tomography (CT) and fluoroscopy provide three-dimensional imaging
and real-time visualization during procedures [21]. X-ray crystallography is crucial to
scientific research and enables the determination of atomic and molecular structures
essential for drug development, materials science and molecular biology studies [22].
Industries rely on X-ray techniques for non-destructive testing, quality control and
inspection in aerospace, automotive and electronics manufacturing [23]. In agricul-
ture, X-ray imaging helps assess seed quality, detect foreign bodies in food, and study
plant root systems to increase crop production [24].

6. Importance of X-ray techniques in analytical chemistry

X-ray techniques are revolutionizing atomic and molecular studies by providing
robust tools for elemental analysis, structure determination and quantitative mea-
surements that are critical in materials science and environmental chemistry [25, 26].
X-ray fluorescence spectroscopy (XRF) and X-ray diffraction (XRD) are power-
ful techniques used for analyzing material composition and structure. They play
essential roles in quality control, environmental monitoring and materials research.
XRD includes methods such as powder X-ray diffraction (PXRD) and single crystal
X-ray diffraction (SCXRD). They are essential for phase identification, crystallinity
determination and structural analysis in areas such as pharmaceuticals, geology and
nanotechnology [27]. XRD is a technique used to analyze X-ray scattering from crys-
tal lattices to determine crystal symmetry, unit cell parameters and atomic positions.
This data is crucial for identifying crystalline phases and characterizing structural
properties, which are essential in materials science, pharmaceuticals and catalysis
research [28].

X-ray techniques are crucial in analytical chemistry for quantitative analysis.
X-ray absorption spectroscopy (XAS) is valuable for understanding the electronic
and chemical properties of atoms, determining oxidation states and coordination
geometries [29]. XAS techniques like X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) provide detailed spectral data
for analyzing concentrations of specific chemical species and their binding properties
[30]. This quantitative capability is essential for studying catalysts, environmental
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contaminants and biological samples where accurate elemental speciation is criti-
cal. As analytical chemistry progresses, X-ray techniques will drive innovation and
deepen our understanding of the chemical field [31].

7. Fundamentals of X-ray-matter interaction

X-rays interact with matter in different ways, influencing their behavior upon
encountering a substance. High-energy X-rays can excite electrons, as shown in
Figure1.

X-rays interact with matter through photoelectric absorption, Compton scattering
and coherent scattering. During photoelectric absorption, low-energy X-ray photons
eject electrons from the inner shell, creating photoelectrons. Compton scattering
occurs at higher energies when X-ray photons are scattered off free or loosely bound
electrons, resulting in a wavelength shift. Coherent scattering is a low-energy interac-
tion that results in no loss of energy. Pair formation, a rare interaction at very high
energies, results in the formation of an electron-positron pair near the nucleus [2].

X-rays interact with matter through attenuation, scattering and absorption pro-
cesses. Understanding these interactions is crucial for applications in medical imaging,
material analysis and radiation therapy [13]. This knowledge also helps improve X-ray
techniques and interpret X-ray data in analytical chemistry and other scientific fields.

8. X-ray absorption and emission processes

X-ray absorption and emission processes provide insights into X-ray interactions.
X-ray absorption spectroscopy (XAS) studies empty orbitals, while X-ray emission
spectroscopy (XES) studies occupied orbitals to reveal local electronic structures.
After X-ray absorption, characteristic X-ray fluorescence photons are emitted,
revealing the elemental composition [31, 32]. Techniques such as X-ray absorption
near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS)
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Figure 1.
The process by which distinctive X-rays are produced [5].
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analyze energy-dependent absorption to study local electronic and geometric struc-
tures. These methods are essential in analytical chemistry, materials science and

related fields [29, 33, 34].

9. X-ray scattering phenomena

X-ray scattering is the process by which X-rays can be redirected or deflected when
they interact with matter [2]. Compton scattering, discovered in 1923, occurs when
X-ray photons are scattered by free or loosely bound electrons in the material [35].
This process is illustrated in Figure 2.

The Compton effect is a phenomenon in which X-rays or gamma photons transfer
energy and momentum to electrons, causing the scattered photons to have longer
wavelengths and lower energies. This interaction is significant in fields such as
materials science and medical imaging, where knowledge of radiation-matter interac-
tions is essential. In X-ray crystallography, measuring Compton scattering with polar
(0) and azimuthal (¢) angles is crucial for accurately determining crystal structures
[36]. The accuracy of X-ray diffraction (XRD) and X-ray fluorescence (XRF) analyses
may be impacted by background noise caused by the wavelength shift from Compton
scattering [37].

At low X-ray energies, coherent (Rayleigh) scattering involves the elastic scat-
tering of X-ray photons by bound electrons without energy loss. This process is
depicted in Figure 3.

Rayleigh scattering geometry was investigated using twisted light and a meso-
scopic atomic target of size 6. The quantization axis (z) is aligned with the incident
beam direction, and the atomic target is centered on the beam axis. The emission
direction of outgoing photons is defined by angle 6_k2, while angle y represents the
polarization vector, enhancing our comprehension of the scattering process [38].

Figure 2.
Compton scattering phenomenon [36].
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Figure 3.
Geometry of the Rayleigh scattering [38].

10. The phenomenon of X-ray scattering at small angles

The experimental setup for small-angle X-ray scattering (SAXS) is shown in
Figure 4. A collimated monochromatic light beam is directed onto a scattering cell
containing the sample.

The detector measures the scattering intensity at different angles © from a certain
distance. An active beam stop records the intensity of the transmitted beam for nor-
malization while protecting the detector from the primary beam. The scattered wave
vector, g, is measured in reciprocal units of length (A or nm™) and is calculated
as the difference between the scattered (kF) and incident (kO) wave vectors. It can
be expressed as q = |kKF — kO| = (4n/7)sin(0) [39]. This provides insights into atomic
arrangements, particle size, shape and distribution across various materials, such as
liquid dispersions, thin solid objects and powder samples. SAXS operates in the length
range of 1-500 nm and is particularly suitable for analyzing complex molecules,
polymers and porous materials [40].

Small-angle X-ray scattering (SAXS) is a versatile technique for determining
protein structures and understanding molecular building blocks. It quantifies

Scattered

e
kl"
Incident Optics
l Beam
Source k_;
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Figure 4.
Schematic of a typical small-angle scattering (SAS) experiment geometry [39].
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density fluctuations in nanoscale samples and accurately classifies lipid phases [40,
41]. Recent advances have expanded the application of SAXS in food science to the
study of biomacromolecules [39]. Wide-angle X-ray scattering (WAXS) is a valu-
able technique that complements small-angle X-ray scattering (SAXS) by providing
detailed insights into atomic structures, interatomic distances and crystal lattice
arrangements. It plays a crucial role in determining crystallographic structures and
identifying phases in materials science [42]. By identifying defects that can affect
performance, WAXS improves understanding of material properties. This technique
is widely used in materials science, polymer analysis and pharmaceutical compound
characterization to reveal internal structures and defects. In biological research,
WAXS elucidates macromolecular organization and provides insights into molecular
structures [42-44].

11. X-ray spectroscopic techniques
11.1 The technique of X-ray fluorescence spectroscopy

Analysis using X-ray fluorescence spectroscopy (XRF) quantifies the amount
of X-rays generated when a sample is exposed to high-energy X-ray radiation. This
method is similar to optical emission and atomic absorption spectrometry and is
used for elemental analysis of solid samples. Figure 5 shows the results of the XRF
spectroscopy.

When X-rays excite electrons in the inner orbitals of a sample, they are ejected,
resulting in distinctive X-ray emissions known as K, and K. These emissions occur
when an electron from a higher shell (L or M) replaces a K-shell electron that has been
ejected. The energies of these X-rays are specific to the elements present in the sample
[46]. XRF analysis measures the energy and intensity of X-rays to determine elemen-
tal composition. It is based on the unique X-ray emissions of each element, enabling
fast and non-destructive analysis in fields such as metallurgy, geology, environmental
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Figure 5.
The physical mechanisms that underlie X-vay fluovescence [45].
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sciences and archaeology. The unique emission spectra of each element provide
qualitative and quantitative elemental compositions [47].

11.2 The X-ray fluorescence spectroscopy technique

X-ray fluorescence spectroscopy (XRF) uses special equipment that consists of a
detector system, a sample chamber and an X-ray source. Figure 6 shows the essential
components of an XRF analyzer in a benchtop setup.

X-ray photoelectron spectroscopy (XPS) uses X-ray photons to remove core
electrons from a sample, enabling the analysis of its composition and chemical
environment based on the emitted electron energy. By directing high-energy X-rays
at the sample, characteristic X-rays are emitted, revealing the elemental composition.
XPS provides valuable information about the material being studied [13]. Detectors
such as energy or wavelength dispersive detectors capture and analyze these emitted
X-rays, enabling rapid and precise elemental analysis. Components such as collima-
tors, filters and software control the X-ray beam, reduce background radiation and
help with data collection and interpretation. This instrumentation enables XRF to
efficiently quantify elements for applications in materials science, environmental
analysis and industrial quality control [49].

The elemental analysis of solid, liquid and powder samples can be done quickly
and accurately with X-ray fluorescence spectroscopy (XRF) [48]. XRF is a versatile
and non-destructive technique widely used in mining, environmental monitoring and
materials science. It is employed for quality control, optimization and research on met-
als, alloys, ceramics and polymers [27]. Applications of environmental science include
assessing contamination levels in soil, sediment and water samples, studying geologi-
cal formations and monitoring pollutants [50]. XRF also helps identify pigments, met-
als and materials in cultural artifacts and supports restoration efforts in archaeology
and art conservation [51]. By analyzing elemental compositions, it ensures regulatory
compliance in the pharmaceutical and food industries. The versatility of XRF extends
to forensics, agriculture, geology and semiconductor manufacturing, underscoring its
importance for both scientific research and industrial applications.
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Figure 6.
Schematic representation of a simple benchtop XRF analyzer [48].
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11.3 The X-ray photoelectron spectroscopy technique

The elemental composition and chemical states of surfaces are analyzed using
X-ray photoelectron spectroscopy (XPS) and electron spectroscopy for chemical
analysis (ESCA). These methods provide valuable information about a material’s
surface properties. Figure 7 shows the schematic setup for XPS analysis.

X-ray photoelectron spectroscopy (XPS) measures the binding energies of core
electrons with an accuracy of +0.1 eV and high precision. It uses X-rays to eject
electrons from the surface of a sample to analyze the elemental composition and
chemical state of the material. This method offers insights into the material’s elemen-
tal composition and chemical states, enhancing our understanding of its properties
[51-53]. XPS instruments analyze emitted photoelectrons, allowing for detailed
characterization of surface atoms and electronic structures, typically at depths of
1-20 nm [54]. It offers comprehensive surface analysis and chemical information
across various disciplines.

In materials science and engineering, XPS is used to characterize elemental
composition, chemical bonding, surface chemistry, identify oxidation states, detect
contamination and investigate material interfaces [55]. XPS analysis is also employed
in catalysis to study surface chemistry, semiconductor quality control, contamination
detection and environmental studies for analyzing composition and pollution sources
[56, 57]. Additionally, XPS finds application in biomedical research, forensics,
archaeology, art conservation and biomaterial analysis, demonstrating its versatility
and precision.

11.4 The X-ray absorption spectroscopy technique

X-ray absorption spectroscopy (XAS) provides element-specific information by
using X-ray photons to excite core electrons in a sample [32]. The absorption edge has
core holes and distinct absorption features, which are due to a significant increase in
the absorption coefficient in the core binding energy. XAS creates core holes in the
inner shell electrons, creating characteristic absorption edges that help understand

Electron energy analyser
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Figure7.

The working principle of X-ray photoelectron spectroscopy [52].
65



Ionizing Radiation — Insights into Chemistry, Biology, and Applications

material composition [58]. By analyzing these edges, researchers can determine the
electronic structure, oxidation state, coordination environment and chemical bond-
ing of the elements in the sample [59]. This basic principle enables in-depth studies of
atomic structure and electronic properties in various disciplines, including chemistry,
physics, materials science and environmental science [60].

11.5 The near-edge and extended X-ray absorption fine structure spectroscopy
techniques

X-ray absorption spectroscopy (XAS) includes X-ray absorption near-edge struc-
ture spectroscopy (XANES) and extended X-ray absorption fine structure spectros-
copy (EXAFS). XAS is a powerful method for studying electronic configurations and
molecular structures, providing information about the different valence and spin states
of elementary sites. This versatility makes it ideal for analyzing complex systems.

11.6 The X-ray absorption near-edge structure spectroscopy technique

X-ray absorption near-edge structure (XANES) is a method used to analyze the
electronic and chemical states of an element by examining the spectral region near its
absorption edge. This technique provides important information about how elements
behave under varying conditions, particularly in relation to alterations in electronic
structure caused by environmental factors. Figure 8 illustrates the principles and
setup for in situ XANES analysis.

X-ray absorption near-edge structure analysis (XANES) is used to determine the
oxidation state, coordination environment and chemical bonding in a sample and
provides valuable insights into electronic structure changes [62]. When X-ray photons
interact with a sample, they can be absorbed by electrons in the inner shell, resulting
in characteristic absorption edges [63]. XANES analysis focuses on the absorption
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Figure 8.
An illustrated illustration of the In Situ XANES design, principles and configuration [61].
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spectra near these edges and provides information about the electronic and chemical
states [58]. This analysis method helps in studying element speciation and structure-
property relationships in various systems, providing detailed information about the
local electronic structure. It is widely used in biology, chemistry, materials science
and environmental science [64].

11.7 The extended X-ray absorption fine structure spectroscopy technique

X-ray absorption spectroscopy uses the extended X-ray absorption fine structure
(EXAFS) technique to analyze oscillatory changes in X-ray absorption beyond the
absorption edge to study the local structure around specific elements. EXAFS provides
detailed insights into these variations [65]. XAS techniques use X-rays in a specific
energy range to measure the intensities of incident and transmitted X-rays, following
Beer’s law. Absorption edges occur when the incident energy matches the electron
binding energy, allowing for the identification and analysis of elements in the sample
[64]. XANES spectra derived from EXAFS data offer insights into the coordination
environment and average oxidation state of samples [66]. The EXAFS technique uses
detectors placed perpendicular to the sample to capture X-ray absorption signals in
total fluorescence yield mode. This setup enables the analysis of distances, coordina-
tion numbers and bond lengths between atoms, offering valuable insights into the
local structural environment of the elements under study [65]. This makes EXAFS an
indispensable method for exploring local atomic structures in various materials.

11.8 The X-ray absorption spectroscopy technique

X-ray absorption spectroscopy (XAS) is a flexible technique used in industries
and scientific research to examine the chemical environments, electronic charac-
teristics and atomic structures of materials [67]. Its applications range from catalyst
optimization in petroleum refining to environmental remediation. XAS characterizes
materials such as metals, ceramics and nanoparticles and provides insights into their
composition, bonding and structure. In environmental research, XAS helps assess the
speciation and mobility of elements, thereby supporting the assessment and remedia-
tion of environmental pollution [68]. In geology, XAS illuminates mineral properties,
geochemical processes and planetary systems [30]. In addition, XAS studies metal-
loproteins and enzymes and sheds light on their coordination geometry and function
in biological processes such as photosynthesis and metal ion homeostasis [66].

11.9 The X-ray diffraction spectroscopy technique
11.9.1 The principle of XRD spectroscopy

X-ray diffraction (XRD) is the process through which X-rays interact with crystal-
line materials to reveal structural information. It involves interference in the crystal
lattice that can be constructive or destructive. The schematic of the X-ray diffraction
process is shown in Figure 9.

X-ray diffraction (XRD) equipment consists of essential components such as an
X-ray source, sample stage, monochromator, detector and data analysis software.
These components work together to produce, interact with and detect X-rays for the
analysis of crystalline materials [70]. X-ray diffraction (XRD) uses a monochromatic
X-ray beam to analyze a sample’s crystal lattice. Detectors record diffracted X-ray
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Figure 9.
Schematic representation of Bragg’s law (A) and typical XRD instrumentation setup for the powder
diffractometer (B) [69].

intensity at different angles, providing insights into the material’s properties, compo-
sition and structure [71]. Monochromatic X-rays with a wavelength of 1.5406 A are
generated by copper X-ray tubes for analyzing inorganic materials. The data analysis
software processes raw diffraction data by subtracting background, identifying
peaks, fitting and conducting quantitative analysis to provide structural information
on crystalline materials [69].

X-ray diffraction (XRD) is a crucial analytical method in chemistry for determin-
ing the structure, composition and properties of materials [28]. Phase identification is
critical for forensic analysis and quality control. XRD is a valuable tool for the quan-
titative analysis of crystalline phases in mixtures to determine the purity of industrial
and pharmaceutical products [40]. XRD provides detailed structural information,
including lattice parameters and atomic arrangements, which are critical for material
characterization and understanding material behavior [69]. Additionally, it helps
evaluate material integrity and reliability in various applications by providing insights
into texture, anisotropic properties and stress-strain analysis [72].

12. Techniques for X-ray imaging
12.1 X-ray radiography technique

X-ray radiography uses X-rays to create 2D images of internal structures by pass-
ing them through objects to a detector [19]. Techniques like lead beam stoppers and
posterior beam stop (PBS) matrices reduce scatter and improve image sharpness, while
high-resolution charge-coupled device (CCD) arrays support detailed analysis [73]. It is
widely used in medical procedures such as fluoroscopy, dental radiography and mam-
mography, as well as for diagnosing fractures. In industries, X-ray Non-destructive test-
ing (NDT) is essential for defect identification and quality assurance, playing a critical
role in healthcare and manufacturing [74]. X-ray radiography is also crucial for diagnosis
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and treatment in forensic science, archaeological investigations and veterinary medicine
[75]. It is essential for diagnostics and research due to its adaptability.

12.2 The X-ray computed tomography technique

X-ray computed tomography (CT) uses ionizing radiation to create detailed
cross-sectional images by interacting with atoms in an object [76]. Higher-density
materials have higher attenuation rates compared to lower-density materials, which
affects image quality depending on the material thickness [77]. As the object rotates,
X-rays penetrate and are detected, allowing the reconstruction of 3D images through
special software and algorithms [13]. In the medical field, X-ray CT is used to diagnose
disease, detect internal injuries, assess vascular abnormalities and assist in surgical
planning [21]. In industrial applications, it is used for non-destructive testing and
inspection to ensure quality control in the aerospace and automotive industries [10].
X-ray CT also plays a crucial role in materials science as it analyzes microstructures
and properties and supports research in various fields such as geology, biology, archae-
ology, earth sciences, environmental sciences and cultural heritage conservation as it
reveals internal features without causing damage to cause to the object [2, 13].

12.3 The X-ray crystallography technique

X-ray crystallography is an important technique for determining the atomic and
molecular structures of crystalline materials by shining X-rays onto a crystal and
analyzing the resulting diffraction pattern to create a detailed 3D model of the atomic
arrangement [78]. This technique is crucial for understanding material structures,
characterizing crystal symmetry, lattice parameters and phase transitions [79]. It is
also widely used in drug design, interaction studies and biomolecular research to study
proteins, nucleic acids and their complexes [80]. X-ray crystallography also plays an
important role in environmental and geological sciences by analyzing minerals, rocks
and soils, contributing to geological understanding and environmental remediation [27].

13. The emerging technologies

Recent advancements in X-ray techniques for analytical chemistry have sig-
nificantly improved the sensitivity, resolution and versatility of material analyses.
The integration of X-ray techniques with other imaging modalities, such as optical
microscopy and spectroscopy, enables comprehensive material characterization by
providing complementary information on chemical composition and structure [81].
High-speed X-ray imaging developments allow real-time monitoring of dynamic
processes, while advanced data analysis algorithms facilitate the extraction of quan-
titative information, improving efficiency and accuracy [82]. I situ and operando
studies under realistic conditions provide insights into dynamic processes and
reaction mechanisms in real time. Synchrotron and free-electron laser sources offer
high-brilliance X-ray beams for advanced spectroscopy, diffraction and imaging
experiments [83]. Nanoscale imaging and spectroscopy techniques such as scanning
transmission x-ray microscopy (STXM) provide detailed visualization of nanomateri-
als and biological structures, enabling insights into their properties and behavior
at the molecular level. These techniques have diverse applications in environmental
monitoring, biomedical research and pharmaceutical development [84].
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14. Challenges and limitations

X-ray techniques have advanced analytical chemistry by improving materials
characterization and imaging. However, they face challenges and limitations that can
impact their effectiveness and accessibility. See Table 1 for a summary.

15. Future prospects in analytical chemistry

disease diagnosis [92].

The future of X-ray techniques in analytical chemistry looks promising, with
advancements in instrumentation, methods and applications expected to enhance
sensitivity, spatial resolution and the characterization of trace elements and molecu-
lar structures [90]. Integration with other imaging modalities will provide compre-
hensive insights into material composition and dynamics, while improvements in
sample environments will enable real-time study of dynamic processes like chemical
reactions and biological interactions [81]. Automation and rapid data processing
will expedite material screening and characterization and advanced tomography
methods will enhance visualization of material dynamics and morphology. Artificial
intelligence and machine learning algorithms will facilitate faster discoveries and
innovations by improving data analysis and interpretation [91]. X-ray techniques

are increasingly being applied in environmental monitoring, biomedical research
and pharmaceutical development to tackle challenges such as pollution cleanup and

Challenge/Limitations

Description

Implications

Preparation of the Sample preparation often requires This procedure may limit the types
sample extensive work and may involve creating  of samples that can be analyzed and
thin sections, powders or crystals [81]. introduce artifacts that affect
accuracy [81].
Analysis of trace Trace element analysis may not be Researchers are exploring advanced
elements sensitive enough for traditional X-ray methods, such as synchrotron radiation,

techniques [85].

to enhance sensitivity and spatial
resolution [85].

Damage from Extended
Radiation Exposure

Long-term X-ray exposure can damage
delicate materials by altering their
structure and chemical composition
[86].

This limits the examination of
sensitive materials and requires careful
management of irradiation time [86].

Accessibility and Cost Synchrotrons and other advanced X-ray Access to research and institutions
equipment are expensive and require is often limited by high costs and
specialized expertise to operate [87]. specialized knowledge [87].

The complexity of data  Expertise, significant computing Researchers, especially those in smaller

analysis resources and advanced software are labs or with limited resources, may

essential for data analysis [88].

encounter challenges [88].

Environmental and

Strict safety procedures and

Grammatical errors and typos in

safety issues environmental considerations are laboratory operations can lead to
essential when using X-ray techniquesdue  challenges and require additional staff
to the risks of radiation exposure [89]. supervision and training [89].
Table 1.

Summary of the challenges and limitations of X-ray techniques.
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16. Conclusion

X-ray techniques play a crucial role in analytical chemistry for material charac-
terization, structural analysis, environmental monitoring and biological imaging,
offering valuable insights into material composition and dynamics. Despite facing
challenges such as sample preparation, sensitivity, spatial resolution and data com-
plexity, advancements in instrumentation and machine learning are expected to
improve their capabilities. Collaborations across disciplines will drive innovation,
tackle scientific and social challenges, and advance science for the betterment of
humanity.
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Abstract

Radiation therapy (RT) is an essential component of curative cancer treatment.
Technological advances in RT aim to make treatments more precise, efficient, and
personalized. Recent FLASH-induced radiotherapeutic strategies employ ultra-high
dose rate regimes to overcome toxicity of healthy tissues, maintaining similar effi-
cacy in altering tumor progression with respect to conventional dose rate RT. These
new approaches also require precise irradiation dose determination for an effective
tumor treatment. It is essential now to explore the underlying molecular and cellular
mechanisms of response to FLASH irradiation in order to propose appropriate radio-
therapeutic treatments for chemo- or radioresistant cells, or, alternatively, combined
radiotherapy with immune or chemotherapy strategies for deep-seated tumors. We
will review, herein, the last innovative technological approaches in radiation treat-
ments used in cancer radiotherapy, dosimetry challenges for FLASH RT, and in vitro
cancer cell responses to different types of radiotherapeutic regimens. RT induced
alterations in cellular and molecular structures (including proteome modifications)
will be described, as well as biological events supporting the emergence of radiore-
sistance. The impact of radiation on tumor microenvironment components will be
explored, highlighting the activity switch of immune cell types. Lessons learned from
research in different tumor biology areas will be shared with the readers, with empha-
sis on melanoma and ovarian cancer. We will highlight the differential response of
tumor and normal cells exposed to unconventional FLASH irradiation sources. The
review is proposing to assess the advantages of using specific cell culture models and
to explore a fundamental understanding of FLASH-induced cell perturbations.

Keywords: FLASH radiotherapy, ionizing radiation, laser-plasma accelerators,

very high energy electrons, cancer, iz vitro cell models, tumor microenvironment,
radiation-induced cell signaling, proteome, melanoma, ovarian cancer, radioresistance
markers
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1. Introduction

Based on the ionization mechanism, ionizing radiation is divided into two sub-
categories: directly and indirectly ionizing [1]. Directly ionizing radiation comprises
of charged particles (e.g., electrons, protons, and alpha particles) that deliver energy
to the material by Coulomb interaction, while indirectly ionizing radiation consists
of electrically neutral particles (e.g., neutrons, gamma rays, and X-rays) that deposit
part of their energy in the material in a two-step process: I. A charged particle is
released in the form of an electron, neutron, or electron/positron pair and II. The
released charged particle interacts electrostatically with the orbital electrons and lose
energy by ionizing and exciting atoms along its path. Ionizing radiation produces
DNA lesions, such as double-strand breaks (DSBs), which are the main cause of cell
death [2].

Recent advances in radiotherapy are pushing the boundaries of cancer treatment,
with major innovations aiming to make treatments more precise, efficient, and person-
alized. However, each advancement faces unique technological challenges. Proton ther-
apy is a category of particle therapy that uses high-dose radiation with minimal damage
to surrounding healthy tissue [3]. Carbon ion therapy, which uses heavier ions, is more
effective for some resistant tumors and has a higher biological effect [4]. The main chal-
lenges are cost and infrastructure. Particle therapy facilities are still expensive to build
and maintain, requiring specialized accelerators and shielding [5]. Patient selection and
dosage calculation complexities also need refinement. Adaptive Radiotherapy (ART)
allows real-time modifications to radiation strategies based on periodic imaging and
tumor changes [6, 7]. This personalizes the treatment and minimizes radiation expo-
sure to surrounding tissues. ART requires advanced imaging, automated contouring,
and rapid recalculations. The challenge is to integrate these steps into a smooth work-
flow, with minimized delay and accurate dose delivery. Radiomics uses imaging data to
analyze tumor characteristics, allowing for more accurate radiation planning [8-10].
Artificial Intelligence (AI) helps predict treatment outcomes, optimize dose distribu-
tions, and automate treatment planning [11]. Al models need large, diverse datasets to
be accurate and generalizable. Regulatory issues, model transparency, and integration
into clinical practice also pose challenges. Radiomics also needs robust standardization
to interpret results consistently. New high-dose-rate (HDR) brachytherapy techniques
allow targeted radiation directly at the tumor site [12]. Image-guided brachytherapy
(IGBT) enhances precision by combining imaging with real-time planning [13]. Image
registration, particularly in dynamic tissues (e.g., prostate or cervical cancer), can
be difficult. The miniaturization of the equipment and reduction of setup time are
also critical for its broader adoption. MRI-Guided Radiotherapy (MRIgRT) allows for
superior soft tissue contrast and real-time imaging [14]. This facilitates more precise
targeting of tumors, especially in organs that move (e.g., the liver). The integration of
MRI into radiotherapy equipment is technically complex, and MRI-guided systems are
expensive. Furthermore, MRI introduces unique dosimetry challenges that need to be
addressed for accurate treatment [15]. Combining radiotherapy with immunotherapy can
amplify immune responses against cancer [16, 17]. Low-dose radiation can modulate
the immune system, making tumors more susceptible to immune attack. Optimizing
dose timing and sequencing to maximize immune activation without enhancing
adverse effects remains complex. Additionally, understanding individual immune
responses to radiation is challenging, requiring more extensive biomarker research.
FLASH radiotherapy delivers ultra-high doses in milliseconds instead of minutes [18].
The FLASH-RT is defined by an irradiation delivery at ultrahigh mean dose rates
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(>40 Gy s71) [19]. Preclinical studies show that it kills cancer cells while sparing healthy
tissue [20]. Technical challenges include designing machines that reliably produce
intense doses and developing dosimetry methods to accurately measure these high-
dose, short-duration exposures. Regulatory and clinical validations are also needed. The
use of ionizing radiation generated by ultra-intense lasers in FLASH irradiation therapy
presents exciting opportunities for cancer treatment [21-25]. Ultra-intense lasers can
produce highly focused beams of radiation, allowing to accurately target the tumors,
and consequently diminishing damage to adjacent healthy tissues and enhancing the
therapeutic ratio. These lasers can deliver exceptionally high dose rates in a very short
time, potentially improving tumor control [26]. The rapid delivery may exploit unique
biological responses in cancer cells while allowing healthy cells more time to repair.
Ionization radiation from lasers can facilitate innovative techniques such as proton or
neutron therapy. These methods may offer superior dose distributions and reduced side
effects compared to conventional photon therapies. The interaction of ultra-intense
laser radiation with biological tissues can induce specific effects, such as enhanced
apoptosis (programmed cell death) in cancer cells [25, 27]. This could lead to more
effective treatments with fewer sessions [28]. Laser-generated ionization radiation

can be combined with other modalities, like immunotherapy or chemotherapy, poten-
tially enhancing overall treatment efficacy by targeting tumors from multiple angles.
Ongoing research into the mechanisms of action and optimal delivery methods for
laser-based therapies can lead to new protocols and improvements in clinical outcomes
[25]. The ionizing radiation from ultra-intense lasers used in FLASH irradiation therapy
may offer a promising frontier in oncology, with the potential for cancer treatments
with efficacy and less toxicity. Further research is needed to fully realize these opportu-
nities and translate them into clinical practice. These innovations represent significant
strides forward but demand extensive cross-disciplinary collaboration, advances in
computational power, and considerable financial investment to overcome the technical,
logistical, and regulatory hurdles they face.

2. Dosimetry for FLASH radiotherapy

Precise calculation and measurement of radiation dose is a crucial factor for effec-
tive tumor treatment by radiotherapy. The absorbed dose is defined as the amount of
energy deposited by the radiation in a material mass unit. Equivalent dose is fre-
quently used to assess the extent to which radiation can ionize molecules in irradiated
material. It is calculated by multiplying the absorbed dose by a weighting factor that is
dependent on the radiation type. It becomes essential to select appropriate measure-
ment tools as they vary with the type of radiation. Charged particles like electrons,
protons, or alpha particles can be measured with, for example, ionization chamber,
diodes, gafchromic films, or thermoluminescent dosimeter, while uncharged particles
like photons and neutrons are measured indirectly by the secondary particles they
generate using ionization chamber, calorimeters, neutron dosimeters, and films [29].

2.1 Challenges in dosimetry for FLASH radiotherapy
2.1.1 Response time and saturation

Most standard dosimeters, like ionization chambers and thermoluminescent dosim-
eters (TLDs), are not designed to measure dose rates above a certain threshold and may
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saturate or under-respond at FLASH dose rates. These devices typically need a longer
response time, making it difficult to capture the true dose delivered over just milliseconds.

2.1.2 Temporal resolution

FLASH therapy demands devices with extremely high temporal resolution to
record doses accurately at such short intervals [30]. This is necessary for distinguish-
ing between doses delivered by individual pulses.

2.1.3 Spatial resolution

High spatial resolution is essential to assess dose distribution in the treatment area
accurately, especially when targeting tumors close to critical structures [31]. High
dose gradients in FLASH make accurate spatial mapping crucial.

2.1.4 Calibration and standardization

The calibration of dosimeters for ultra-high doses in short time spans is challeng-
ing [30]. FLASH therapy lacks standardized calibration protocols and reference mate-
rials, making it difficult to ensure accuracy and reproducibility across institutions.

2.2 Promising dosimetry approaches for FLASH
2.2.1 Scintillation detectors

Scintillation detectors use materials that emit light when exposed to radiation.
They can achieve high temporal resolution and potentially adapt to the high dose
rates of FLASH [32]. Plastic scintillators, for instance, are less prone to saturation
and can be integrated with high-speed cameras or photomultiplier tubes to capture
dose distributions in real time. However, they require corrections for dose-quenching
effects and light loss over time.

2.2.2 Radiochromic films

Radiochromic films change color when exposed to radiation, offering a way to
visually map dose distributions. They provide high spatial resolution, which helps
assess dose gradients, but their slow readout and potential for saturation at ultra-high
doses limit their application in real-time FLASH dosimetry [33]. The adjustment of
film types and layering techniques could help mitigate some of these issues.

2.2.3 Diamond detectors

Diamond-based detectors have a high atomic number and can provide a stable and
fast response, which makes them suitable for high-dose-rate applications [34]. Their
stability, radiation hardness, and high charge collection efficiency allow them to cap-
ture rapid pulses accurately. However, they are expensive and sensitive to temperature
variations, requiring careful handling and calibration.

2.2.4 Cherenkov radiation-based dosimetry

Cherenkov radiation appears once charged particles are faster than the speed of
light, emitting a blue glow. This effect can be exploited to create a real-time dosimetry
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system by capturing the Cherenkov light emitted during FLASH pulses [35]. Fast
imaging systems can track these light emissions, providing a direct measure of the
dose delivered. However, Cherenkov light can be affected by tissue composition and
optical path differences, which require complex calibration.

2.2.5 Fiber-optic dosimeters

Fiber-optic dosimeters use optical fibers that can transmit radiation-induced light
emissions to a remote sensor, allowing for high spatial and temporal resolution [36].
They are compact and minimally invasive, making them ideal for real-time measure-
ments. For FLASH, they require specific adaptations to handle ultra-high dose rates
without signal saturation or lag.

2.2.6 MicroDiamond and silicon-based detectors

MicroDiamond detectors have high radiation tolerance and are stable under high
dose rates [37]. Silicon diodes, which are commonly used in conventional radiother-
apy, are being adapted for FLASH with improvements in readout speed and reduction
in dose rate dependence. However, like other solid-state devices, they require specific
calibration against known standards to address dose rate and linearity challenges.

2.3 New dosimetry approaches
2.3.14D dosimetry systems

Techniques combining high-speed imaging with dosimetric measurements, such
as high-speed cameras capturing dose distributions in real time, offer a “4D” view
(3D spatial + time) of dose distributions [38]. These techniques are being developed
to assess both spatial and temporal dose delivery, ensuring that doses are delivered as
planned.

2.3.2 Monte Carlo simulations

Monte Carlo methods, traditionally used for radiation dose simulations, are being
refined to model FLASH dosimetry [39]. Simulations are adapted to predict dose dis-
tributions at ultra-high dose rates, providing a computational means to complement
physical dosimetry measurements in cases where direct measurement is challenging.

2.4 Perspectives

To advance FLASH dosimetry, standardizing calibration techniques, developing
new materials with faster response rates, and improving real-time imaging will be
essential. The combination of physical measurements with computational models,
such as Monte Carlo simulations [40], may provide a hybrid solution, ensuring
dosimetry accuracy for clinical implementation. Additionally, research institutions
and regulatory bodies are working to establish protocols and dose-rate standards
specifically suited to FLASH therapy, which would help unify and validate dosimetry
approaches across clinics. The development of reliable dosimetry for FLASH is crucial
for safe and effective clinical translation, ensuring accurate dose delivery and repro-
ducibility in clinical settings.
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2.5 High-energy radiation regimens used in cancer radiotherapy

High energy X-rays are the most common radiations used for cancer radiotherapy
(RT) mainly due to their cost efficiency as compared with other radiation sources.
Even if they require ultrahigh current parameters to generate FLASH, the feasibility
of this type of radiotherapy was proven by Gao and colleagues on animal models [41].
In almost all preclinical and clinical trials for cancer research, FLASH RT was per-
formed either with electrons [19, 41-46], or protons [47-51]. Usually, FLASH RT with
electrons and high energy X-rays is exploited for treating superficial cancer lesions,
whereas protons are employed for deep-seated tumors [52].

Herein, we have summarized the radiation regimens used in FLASH RT for in vivo
studies accomplished both on animal models (Table 1) and on humans (Table 2).
FLASH RT has drawn tremendous attention in the cancer domain considering
its great potential of sparing the normal tissue toxicity. Pertinent questions were
addressed within the scientific community regarding its translation into therapeutic
clinical studies [56]. Noteworthy, patient selection was started this year for a random-
ized phase II clinical study on FLASH RT (dose rate of 2.2-2.7 x 10° Gy/s) compared
to CONV RT (dose rate of 3-6 x 107 Gy/s) for skin cancer treatment [57].

3. Tumor cellular complexity and molecular mechanisms involved in cell
response to radiation

3.1 Molecular mechanisms and pathways involved in response to radiotherapy
3.1.1 RTs and genetic matevial alterations

Genome integrity is continuously challenged by endogenous factors from cel-
lular metabolism (oxidative stress, replication errors) and exogenous agents such as
environmental radiation (UV, ionizing), chemicals, or therapeutics. In attempt to
preserve their genetic integrity and stability, cells trigger DNA damage repair (DDR)
processes/pathways. Unproperly repaired DNA results in cellular senescence, apopto-
sis, organism susceptibility to immunodeficiency, neurological disorders, and cancer
development. To overcome these hurdles, cells respond in a coordinated manner
between the detection of DNA damage checkpoints and repair pathways.

The electrons and ions released from molecules exposed to therapeutic ionizing
radiations (IRs) (X—/gamma-rays, as well as alpha and beta particles) produce altera-
tions in DNA structure, such as: mismatched bases (MBs), oxidative base damage,
single strand breaks (SSBs) or double-strand breaks (DSBs) and activate correspond-
ing repair pathways. The two main repair mechanisms of DNA damage are: homolo-
gous recombination (HR) and nonhomologous end-joining (NHE]) repair [58-60].
IRs produce reactive oxygen or nitrogen species (ROS or RNS), which also induce
the formation of a basic (apurinic/apirimidinic) sites in DNA, modifications in sugar
moieties, and SSBs [61]. The main consequence of these structural changes is the loss
of the clonogenic survival of tumor cells, namely the ability to form clusters.

DSBs are by far the most damaging DNA lesions, which may induce lethality even
in situations when they are single and unrepaired. If cells cannot repair DSBs, they
can end up with chromosomal aberrations, such as deletions, translocations, and
amplifications. Furthermore, these produce altered genes and cell functions, which
cause either death or tumor initiation and progression. The two DSB repair pathways,
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NHE] and HR, are considered genome guardians [62-64]. The cell decision for one
or the another is dependent on: DSBs complexity, genetic and genomic background,
chromatin state, and CC phase [65]. It implies the participation of multi-protein
complexes acting in precise, regulated steps, the so-called “DBS repair arsenal” [63].
Normal cells use both canonical NHE] (c-NHE]) as well as HR pathways for resolving
DSBs, whereas cancer cells also use error-prone alternative DNA repair sub pathways.
This is the case when c-NHE] is impaired by the deletion of essential components to
protect and even amplify their genomic instability, oncogenic transformation, and
progression [66]. Importantly, in these pathways, there is sequence information loss
and an increased risk of unrelated DNA molecule ends joining and creating genomic
rearrangements.

It is important to characterize the type of cell death (apoptosis, necrosis, mitotic
catastrophe, autophagy, senescence) occurring in tumor cells exposed to newly
proposed treatments and its consequences on the modulation of the immune tumor
microenvironment. Since the first observation in 1842, multiple forms of regulated
cell death in response to different stressors have been described, each based on differ-
ent molecular machineries [67]. Noteworthy, tumor cellular response to DNA damage
induced by IR is dependent on cell genetic profile - specific somatic copy number
alterations (CNAs), gene mutations, and gene sets were identified as predictors of
radiosensitivity [68]. In addition to nuclear material, any cell type contains a set of
common organelles on which they rely to fulfill their metabolic tasks for ensuring
tissue and organism homeostasis. These supramolecular-organized cellular constitu-
ents have also been acknowledged to be affected by different types of radiation [69,
70]. Among these organelles, the most impacted are the endoplasmic reticulum [71],
mitochondria [72, 73], and lysosomes [74]. They play important roles in reducing
RT-induced cellular stress by processes such as unfolded protein response, mitophagy,
or autophagy.

3.1.2 Nontarget effects of RTs in cancer

In the attempt to achieve a compromise between damaging cancer cells and mini-
mizing damages in adjacent normal tissue, novel advanced technological strategies,
such as Intensity-modulated radiation therapy (IMRT), have been developed. This
uses irregularly shaped target irradiation volumes from high-dose in the tumor area
to low-dose in the vicinity of the tumor with healthy tissue, which, unfortunately,
loads the healthy cells with a large volume of low-dose radiation. It is already known
that such low doses do not have lethal cell effects, however, they may have unwanted
effects in generating even more carcinogenic cells. These data were corroborated with
the increasing evidence that cells located either in the vicinity of the irradiation site or
away from it are affected and respond by a plethora of events presently known as the
nontarget effects of RTs [75-78].

There are three types of such nontargeted effects of RT defined based on the rela-
tion between the irradiated and nonirradiated cells, as well as on the vicinity to the
original site of treatment and accepted by United Nations Scientific Committee of the
Effects of Atomic Radiations (UNSCEAR): the bystander effect, the abscopal effect,
and the cohort effect [79]. Bystander effects are transmitted from irradiated cells to
neighboring unirradiated cells within the irradiated volume, leading to biological
responses in the recipient cells [80]. Abscopal (from the Latin ab scopus,” meaning
‘away from the target’) effect is a systemic effect at a distant metastatic site that is
mediated through immunogenic responses [81]. RT-abscopal effects were reported
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for the first time in melanoma in 1975 [82]. Cohort effects occur within the irradiated
volume between irradiated cells and are often confused with bystander effects [83].

3.1.3 Proteome and secretome modifications following RT

Quantitative alterations of blood proteome following radiation exposure. The rela-
tive expression of proteins can be modulated during cell response to various stress fac-
tors or environmental changes [84, 85]. Proteome analysis of serum using MALDI-TOF
mass spectrometry for samples obtained from head and neck squamous cell cancer
(HNSCC) patients irradiated with low and medium doses of radiation [86] showed sig-
nificantly distinct profiles as compared to the pre-treatment samples. Approximately
45% of the detected peptide ions revealed modifications of their abundance typically
associated with the extent of acute radiation toxicity [86]. Serum proteome analysis of
patients with HNSCC or prostate cancer revealed that following RT, plasma apolipo-
proteins and proteins associated with blood coagulation were predominantly down-
regulated [87]. Significant changes in the relative expression of 36 serum proteins,
mostly associated with lipoproteins, wound-healing, inflammation, and blood coagula-
tion, were reported [88]. Analysis of serum collected from %9Co irradiated nonhuman
primates showed that most of the relative changes were associated with proteins
participating in the immune system response, platelet degranulation, activation and
aggregation, neutrophil degranulation, or protein metabolism [89]. Ex-Rad treatment
(a pharmacological agent, candidate for radiation medical countermeasure) reverted
only partially the sera proteome modulated by radiation exposure [89]. Similarly, an
attenuation of the hematopoietic radiation injury following a 24 h pre-treatment with
Gamma-tocotrienol was reported, suggesting a radioprotective effect [90].

Tissue-specific proteome quantitative modifications following radiation exposure.
Modifications of the cell and tissue proteome were observed even 2-20 years after
RT, as fluctuations in the relative expression of proteins associated with inflamma-
tion of neutrophil activity from the mucosal tissue of cancer patients subjected to
pelvic radiotherapy [91, 92]. Cardiac tissue of rats subjected to 25 Gy manifested a
downregulation of proteins involved in cell adhesion, signal transduction, or GTPase
regulation, while proteins associated with ER stress response or endomembrane
organization were upregulated during the first 7 days following RT [92]. Moreover,
mapping the relative proteome changes of the spleens obtained from mice subjected
to 7 Gy gamma radiation revealed Wnt signaling pathway and the actin-cytoskeleton
related proteins upregulation [90]. TPM1, TPM4, PCP4, and NPY showed increased
expression in the hippocampus of irradiated swine brains [93]. These proteins were
previously linked to neurodegenerative diseases [93-95]. Analysis of ex vivo 8 Gy
irradiated T lymphocytes, isolated from subjects with radiation-induced breast fibro-
sis (grade > 2 bf + and grade < 2 bf + patients), revealed ~2000 quantifiable proteins.
An increased expression of AK2 in grade > 2 bf + patients and NOX4 increase in
PBMC:s of both groups were observed [96], suggesting a ROS-related response to the
treatment. Increasing levels of statherin and decreasing levels of cystatins, proline-
rich proteins, neutrophil defensins, and other inflammatory-related proteins were
found in the acquired enamel pellicle of HNSCC patients during and after RT [97].
Moreover, increased expression of alpha-enolase during RT and decreased levels after
treatment were revealed in the saliva collected from HNSCC patients before, during,
and after RT, while scaffold attachment factor-B1 was upregulated following RT [98].
Hence, RT treatment results in alterations in the relative quantitative expression of
proteins from various tissues or body fluids.
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3.2 Biological events induced by radiotherapy in tumors: Challenging the
“resistance dogma”

The principal rationale for the use of RT in cancer treatment is that tumor cells
share common traits, such as inefficient DNA damage repair, altered metabolism,
numerous mutations, and a specific, abnormal microenvironment. High-dose
radiation severely alters cancer cells, inducing their death and subsequent tumor
reduction. In addition, RTs alert immune cells and enhance tumor immune clear-
ance. RT is, however, a double-edged sword treatment because collateral damages
are always produced in healthy proliferative cells from bone marrow, epithelial of the
gastro-intestinal tract, hair follicles, or in adjacent normal cells. During RT exposure,
the risk of occurrence of new neoplastic cells and toxicity increase, and the patient’s
prognosis worsens. Therefore, the main desiderate in RT is to both eradicate or induce
additional susceptibility in tumor cells to other therapies and minimize the negative
impact on healthy ones. In addition to direct DNA damage, RT has also a significant
impact on tumor microenvironment (TME) components. The radio-resistance dogma
has been challenged by improving RT conditions (high dose, high dose per fraction,
short overall treatment time), assisting them by image guided procedures or combin-
ing with other classical therapies. Altogether these approaches successfully overcame
insidious resistance mechanisms in an increasing number of cases and improved
patients’ outcome, in particular of those bearing metastases.

Next, the most documented biological effects of advanced RTs applied in cancer at
level of TME components and subcellular structures, as well as their therapeutically
potential, will be reviewed, discussed and illustrated in Figure 1.

3.2.1 RTs impact on immune cell function and anti-tumor immune response

TME contains a repertoire of cells of the immune system, which have either
pro- or anti-tumorigenic functions. Exposing of tumor-associated antigens after RT
was reported in colorectal and prostate cancer [99-101], supporting immunogenic
cell death. During tumor development, the cancer cells perfect and refine mecha-
nisms to escape immune control and to co-opt immune cells to participate in tumor
progression. The discovery of immune checkpoint inhibitors (anti-PD-1/PD-L1 and
anti-CTLA4 antibodies), as well as adoptive immune cells (CAR-T), represented
major breakthroughs for cancer treatment [102]. However, during radiation exposure,
tumors may inhibit the induced immune responses by overexpressing PD-L1 and
other suppressive factors of cytotoxic T cell activity, thus minimizing the abscopal
effect in clinical applications [103].

The impact of radiation on tumor-associated immune cells will be further briefly
reviewed, with emphasis on tumor infiltrating lymphocytes (TILs) and tumor-
associated macrophages (TAMs).

3.2.1.1 Impact of vadiation on TILs
TILs are critical components of the immune response against tumors, divided into
several classes based on their biological functions and phenotype: T lymphocytes, B

lymphocytes, and natural killer (NK) cells [104, 105]. The effect of radiation on TILs
is complex and context-dependent, determined by a series of factors such as tumor
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Figure 1.

Tugmor microenvironment modulated by vadiations. Radiations delivered by different procedures exert on
tumors targeted effects (A) and nontargeted effects (B). (A) Irradiated tumors are the site of both anti-
and pro-tumorigenic processes/mechanisms. The most significant anti-tumor response is the generation of

a “dangerous, pro-inflammatory TME” consisting in: exposure by TCs of damage associated molecular
patterns (DAMPs, such as calveticulin and HMB1) or death receptors (Fas-R), release of TAAs, secretion
of CKs, CyKs, GFs, extracellular vesicles/exosomes (ECVs), ROS, NOS, NO production, with release

of cell content upon cell death due to unrepaired DDBs. The most central cell organelles for integrating

and managing the radiation effects are: the endoplasmic reticulum (site of protein synthesis and early
processing), mitochondria (cell energy producer and regulator of death processes), and lysosomes (involved
in cell residue disposal and death pathway modulator). As an immediate consequence of vadiation, cells

of the immune system are alevted and mount various anti-tumor responses: enhanced TAA presentation by
DCs, more efficiently primed and matured CD8+ T cells, more TILs and NKs are vecruited inside the TME,
Tregs and MDSCs are reduced, B-cells are increased, TAMs are polarized from M2 (pro-tumorigenic) to M1
(anti-tumorigenic); tumor vasculature express move adhesion molecules to enhance neutrophil extravasation
into the TME or is disrupted by endothelial cell death via DNA damage and ceramide signaling; pro-
tumorigenic tumor stromal cell (CAFs) contribution (e.g., a stiff ECM) is diminished by reducing matrix
stiffness and allowing immune cell penetration and activation. (B) In addition, the non-irradiated cells
within the TME situated in the immediate vicinity of irradiated cancer cells and in cell-cell communication
via gap-junctions also respond by a plethova of similar processes, known as the bystander effects. It is not
clear whether the non-irradiated cells send back signals to the irradiated ones. Moreover, the irradiated
tumor cells induce responses in distal nonirradiated tumor cells, apart from the irradiation field (metastatic
tumors), by priming T-cells in lymphoid organs to vecognize and attack tumors in distal organs, the so-called
abscopal effect. Moreover, the irradiated cells communicate between them within the irradiation volume

by molecular cross-talks, inducing the cohort effects. One has to keep in mind that radiations also induce
unwanted, numerous pro-tumorigenic effects in tumor ecosystems, many of them insufficiently explored or
understood (detailed in Section 3). TME-tumor microenvironment; TC-tumor cell; RTs-radiotherapies;
Mitoch-mitochondria; Lys-Lysosomes; APCs—antigen presenting cells; DCs-dendritic cells; ECs-endothelial
cells; CAFs-cancer associated fibroblast; TIL-tumor infiltrating lymphocytes; NKs-natural killer cells;
Fas-R-Fas Receptor; Fas-L-Fas ligand; DSBs-double strand breaks in DNA structure; CyKs-cytokines,
CKs-chemokines; GFs-growth factors; MHC-class II- major histocompatibility complex class 1I; GJICs-
Gap-junctions mediated intercellular communications; ECVs-extracellular vesicles; TAAs-tumor associated
antigens; Coll-collagen; FN-fibronectin; ROS-reactive oxygen species; NO-nitric oxide; NOS-nitric oxide
synthase.
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type, irradiation site, radiation dose, fractionation, and contact duration [106-110].
Emerging evidence links higher TIL levels to a better prognosis [111]. Only a higher
dose of radiation could induce a decrease in lymphocytes (lymphopenia) [112].

Even more, one of the key factors often cited to explain the superior efficiency and
noninvasiveness of FLASH irradiation technology is its ability to significantly reduce
damage to circulating lymphocytes. This, in turn, helps preserve the immune system’s
antitumor activity [113].

3.2.1.1.1 T lymphocytes

Radiation enhances adaptive anti-tumor immunity by boosting antigen presenta-
tion. This is achieved by dendritic cells (DCs) and by increasing MHC class I expres-
sion on tumor cells, which is crucial for T cells to recognize tumor cells. Some studies
on melanoma cells showed a proportional increase of MHC class I with radiation dose
[114]. Radiation-induced mutations create a postradiation peptidome with poten-
tial neo-epitopes [115], increasing the chances that tumor cells are recognized and
eliminated by the adaptive immune system. Radiation promotes T cell migration into
the TME through mechanisms like chemokine induction and upregulation of vascular
adhesion molecules [106]. FLASH radiation exposure promotes the recruitment of
CD3" T cells into tumors [116]. It induces a higher presence of CD8" T cells in lung
tumors of mice compared to conventional (CONV) RT [117]. Besides its stimulatory
effect, in some cases, radiation induces an immunosuppressive effect by: (i) increased
programmed death-ligand 1 (PD-L1) and cytotoxic T lymphocyte antigen-4 (CTLA-
4) immunosuppressive molecules expression [118]; (ii) TGF-p, which promote the
expansion of Tregs and myeloid-derived suppressor cells (MDSCs), thus limiting
the effectiveness of the immune response. Moreover, high doses of radiation can
also lead to an induced senescence driven by the activation of the tumor suppres-
sors p53 and p21 [119]. Noteworthy, a significant reduction in TGF-p expression and
a decrease in fibrosis were observed in tumor-bearing mice [19] and human lung
fibroblasts [120] following FLASH radiation exposure. Some studies show increased
T cell proliferation after RT without a significant rise in overall TILs [121]. Increased
TILs post neoadjuvant chemoradiotherapy in esophageal [122], cervical [123], and
rectal cancers [124-126] were also reported. The immune response was higher when
receiving a single dose of 15 Gy than in fractionated regimens (5 x 3 Gy) [127].
Tumor rejection was obtained with one dose of 20 Gy in immunocompetent mice in
a CD8" CTLs-dependent fashion. Tregs are more resistant to RT than effector T cells,
therefore suppressing the beneficial anti-tumor effects of RT. The irradiation with
doses of 10,20, and 30 Gy of patients with cervical cancer decreased CD8" and CD4*
T cells, while it had no influence on Tregs, installing an immunosuppressive milieu
[128]. Oppositely, hypofractionated RT (5 x 8 Gy) reduced the number of Tregs in
circulation and within TME [129]. In breast carcinoma, the hypofractionated regi-
men resulted in abscopal effects when delivered in combination with anti-CTLA-4 IT
[130]. The same effects were obtained in non-small cell lung cancer (NSCLC) with
hypofractionated stereotactic body radiotherapy (SBRT) [131].

3.2.1.1.2 Natural Killer (NK) cells

NK cells belong to innate lymphoid cells [132] and play a crucial role in the early
defense against tumors by targeting MHC-I negative cells that evade T cell recognition
[133] and secreting chemokines and cytokines for adaptive immune regulation [134].
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NK cells are involved in modulating T cell responses, thereby affecting the adaptive
anti-tumor immune response [135]. When activated, NK cells can eradicate tumor
cells through different pathways, one of them involving direct release of perforin
and granzymes to induce cell lysis [132, 133]. Radiation can have both direct and
indirect effects on natural killer (NK) cells, thereby affecting the anti-tumor immune
response. Mature NK cells are relatively resistant to radiation, while their precursors
are more sensitive. In vitro, RT doses above 30 Gy impair NK cell cytotoxic func-
tion before causing cell death or apoptosis [106]. Low doses of radiation enhance
NK cell activity, potentially improving their ability to recognize and kill tumor cells
[136, 137]. Low-dose IR induces a better expansion of NK cells and cytolytic factors
secretion both in vitro and in vivo [138, 139], most probably through the p38 MAPK
pathway. In addition to their cytotoxic function, NK cells produce cytokines, par-
ticularly interferon-y (IFN-y), to modulate adaptive immune responses [140, 141].
Radiation-induced changes in the TME, such as the chemokines and cytokines
released, can modulate NK cell recruitment and activation. Conversely, radiation
can also induce the expression of immune checkpoint molecules, like PD-L1, which
may suppress NK cell activity [142]. The effects of radiation on NK cells have led to a
growing interest in combining RT with ITs, such as ICI or cytokine therapy, in order
to enhance NK cell-mediated anti-tumor responses [143, 144]. Radiation may also
increase the ability of NK cells to target cancer stem cells (CSCs). In vitro, studies
demonstrated that radiation (8Gy) upregulated stress markers on tumor cells and
increased the frequency of stem-like cells. Combining RT with NK therapy showed
improved tumor regression and longer survival [145, 146]. Radiation sensitizes cancer
cells to NK-mediated killing, especially when combined with ICI, which boosts NK
cell activity [147].

3.2.1.2 Impact of vadiation on tumor-associated macrophages (TAMs)

Macrophages (M®s) residing in TME, known as tumor-associated macrophages
(TAMs), play an essential role in both innate and adaptive immunity, being respon-
sible for the phagocytosis and degradation of foreign bodies, as well as in presenting
antigens to T cells to initiate immune response. Based on their phenotype, TAMs are
classified into pro-inflammatory, cancer cells killing M1- M®s and M2-polarized M®s
promoting cancer progression and metastasis. TAMs predominantly exhibit a status
similar to the M2 phenotype, which is associated with tumor progression, aggressive-
ness, and poor prognostic.

Given their major role in cancer, several ways for targeting TAMs were proposed,
ranging from the impairment of M®s accumulation in TME or depleting TAMs to
repolarization from M2 to M1 phenotype [148-151]. TAMs are also key resistance fac-
tors developed during CT, IT, and RT, resulting in treatment failure and local relapse.
The mechanisms involve DDR, hypoxic TME, soluble factors induced by radiation,
secretion of exosomes, and tumor metabolic reprogramming [152, 153].

RT acts either as immune stimulating factor or activates immunosuppressive
TAMs, influencing their recruitment and phenotype depending on the irradiation
dose [154, 155]. Thus, high doses (>10 Gy) increase M2-like TAMs accumulation
leading to T cell suppressive response; moderate doses (1-10 Gy) promote the
M1-phenotype; low doses have no effect on M2 to M1 polarization. Different signaling
pathways are involved, such as DNA damage induction, NF-kB activation, ROS gen-
eration, and MAPK phosphorylation [156]. There are different approaches to boost
RT anti-cancer effect, such as inhibition of bone marrow derived TAMs influx in

95



Ionizing Radiation — Insights into Chemistry, Biology, and Applications

irradiated tumors [157] or driving TAMs populations within TME toward an M1 phe-
notype [158, 159]. In this context, several innovative RT modalities, including SBRT,
heavy-particle-beam therapy, proton-beam RT, carbon ion therapy, and FLASH

RT, have been reported [160-163]. Of these, ultrahigh dose rate (UHDR) FLASH

RT became a promising therapeutic strategy in cancer due to its ability to protect
healthy tissues while keeping its tumoricidal capacity [164, 165]. By delivering a high
dose of radiation in a very short time (<1's), FLASH RT can modulate M®s behav-
ior (Table 3) by inducing cell death and triggering enhanced immune responses,

System type
(References)

Treatment radiation strategy (total
dose/dose rate)

Key findings

Normal whole-brain
[166]

10 Gy FLASH-X-rays (37 Gy/s with
dose-rate in the slice of 12 x 10° Gy/s)
or CONV (0.05 Gy/s)

| reactive astrogliosis.

Normal whole-brain
[167]

10 Gy FLASH (>100 Gy/s) or CONV-
X-ray (0.07-0.1 Gy/s)

| activation of astrogliosis and
microglia

Normal whole-brain
[168]

10 Gy FLASH (5.6x 10° Gy/s) or
COVN-X-rays (0.1 Gy/s)

limitation of reactive gliosis

Normal whole-brain

[169]

30 Gy FLASH (200 or 300 Gy/s) vs.
CONV (0,13Gy/s)

| microglial activation (CD68);
| pro-inflammatory cytokines (i.e.,
IL-6, IL-1p)

Normal whole-brain
[170]

8 Gy FLASH (77 x 10° Gy/s) or CONV
(4.4x 10° Gy/s).

|microglial activation

Normal whole-brain
[164]

3 x 10 Gy FLASH (5.6 x 10° Gy/s) or
CONV (0.09 Gy/s)

| microglia cells in the hippocampus
and in the medial prefrontal cortex

Normal whole-brain
[171]

10 Gy FLASH (120 Gy/s) and
standard dose rate (SDR) Bragg Peak
Proton Irradiation (0.17 Gy/s)

| microglial activation,
| neuroinflammation

Lung normal (thorax)
[19]

17 Gy FLASH (60 Gy/s) vs. CONV
y-rays (0.03 Gy/s)

M@ infiltration in alveolar lumens

Lung normal (thorax)
[43]

17 Gy in a microsecond pulse or ina
limited number of pulses of 1-2 Gy
each in 100 ms temporal sequence

| Tgfbl expression in interstitial M®s

Whole abdominal 15 Gy or 10 Gy FLASH- X-ray | M®s (F4/80") compared with control
[172] (>150 Gy/s, instantaneous dose rate of group

>5.5 x 10° Gy/s) or CONV
Whole abdominal 14 Gy FLASHpr (125.3 + 4.8 Gy/s) or 1 M® infiltration,

(intestine) [173]

CONVpr (0.82 £ 0.1 Gy/s)

1 Tgfb1 expression and TGF-f secretion

Lewis lung carcinoma
[174]

22 Gy + 4 x 0.5 Gy compared with
24 Gy alone

| CD206 TAMs expression,
| IL-10-secreting TAMs,
1 anti-tumor TAMs (M1)

Highly metastatic
breast cancer [174]

3 x 20 Gy on primary tumor
+4 x 0.5 Gy whole lung irradiation

1 splenic M®s activation

Lewis lung carcinoma
[117]

15 Gy FLASH (352.1 Gy/s) vs. CONV
(0.060 Gy/s)

no effect on MLC activation in M®s

Lewis lung carcinoma
tumor model [175]

18 Gy FLASHpr (>60 Gy/s) vs.
CONVpr (<0.05 Gy/s)

| pro-tumorigenic M2-like TAMs in
tumors;

1 infiltration of anti-tumor M1-like
TAMs
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System type Treatment radiation strategy (total Key findings
(References) dose/dose rate)
Murine melanoma MRT of 401.23 Gy (11,704 Gy/s) 1 melanin-containing CD68* M® cells
model [176] or temporally fractionated MRT
3 x 13341 Gy (12,870 Gy/s)
Murine models of 14 Gy FLASH (210 Gy/s) or | M2/M1 TAMs ratios only
ovarian cancer [177] CONV (0.126 Gy/s), +/— oPD-1 in combination with aPD-1
immunotherapy immunotherapy
Breast cancer [178] 10 Gy abdominal X-ray FLASH | TAMs (F4/80") infiltration
(125 Gy/s) vs. CONV (0.2 Gy/s)
Glioma [179] 25 Gy FLASHpr (257 + 2 Gy/s) or | microglia (CD45 low CD11b/c" cells)
CONVpr (4 + 0.02 Gy/s). density; CD8" TAMs not increased
Diffuse Midline 15 Gy FLASH (90 Gy/s) vs. CONV | type 1 interferon alpha receptor
Glioma (DMG) [180] (2 Gy/min) (IFNAR+) in microglial cells; | IFN1
pathway in non-resident M®s
Lung adenocarcinoma 20 Gyor (3x 8or2 x 6) Gy FLASH 1 M® s (CD11b* F4/80%)
and glioblastoma [165] (>2000 Gy/s) vs. CONV (0.1 Gy/s) + Effective in an extreme

immunodeficient context

Table 3.
Summary of in vivo studies on the FLASH effect on normal or tumor-associated macrophages (TAMs) grouped
by type of cancer.

anti-tumor functions, and phagocytic ability. Moreover, by targeting TAMs, FLASH
can act synergistically with CT or IT, thus increasing cancer therapy efficacy. A few
examples highlighting the advantages of FLASH RT are described below.

The first proof-of-concept experiment that demonstrated the neuroprotective effects
of FLASH proton (FLASHpr) irradiation iz vivo was reported by Dokic et al. in 2022.
SDR irradiation triggered a significant 1.75-fold increase of CD68" cells compared
to FLASHpr [171]. Whole-abdomen mouse irradiation with a single-dose FLASHpr
resulted in a significantly greater M® infiltration into the regenerating intestines,
which corresponded to reduced normal intestinal tissue toxicity [173]. Subcutaneously
implanted 3LL cells were exposed to CONV IR or FLASH IR. FLASH did not induce
MLC activation in M®s, and the number of p-MLC*/F4/80" cells was similar to that
observed in CONV-IR or nonirradiated animals. Vascular collapse in tumors after
CONV-IR and not FLASH-IR could be linked with increased p-MLC and independent
of M@ infiltration [117]. In an orthotopic mouse model of NSCLC, mice bearing
lung tumors were treated with a single fraction of proton RT, with either CONVpr or
FLASHpr delivered bilaterally [175]. The authors demonstrated that both irradiation
regimens decreased significantly the number of F4/80" M®s in the TME. Also, FLASHpr
treatment increased the CTLs to M®s ratio within the lung tumors. FLASH irradia-
tion resulted in increased CD8" T cell trafficking into the tumor, probably as a result of
the reduced number of M2-like M®s at the tumor site [175]. A different approach was
employed for melanoma treatment using temporally fractionated microbeam radiother-
apy (MRT) intersected at 45 degrees angle over 3 days [176]. The obtained data suggest
that fractionated UHDR MRT increases M® infiltration at the tumor site leading to
tumor remission and reduced metastasis [176]. No differences were observed in murine
models of ovarian cancer (OC) within the ID8 ovarian TIME regarding the frequency
of M2/M1 when comparing non-irradiated with high dose CONV- or FLASH-irradiated
mouse omenta. Both CONV-IR and FLASH-IR in combination with «PD-1IT reduced
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M2/M1 M@ ratios in the ovarian TIME of ID8 tumor model. Similar results were seen
in the UPK10 tumor model. The authors highlight the beneficial effect of FLASH-RT
on both aPD-1 resistant and sensitive in vivo models of OC and the overall potential
of UHDR irradiation in reducing immunosuppressive characteristics of the TIME and
improving PD-1/PD-L1 immune checkpoint blockade in OC [177].

Recently, the contribution of the immune response to the anti-tumor efficacy of
FLASH using murine and human tumor models (lung adenocarcinoma and glioblas-
toma) has been investigated [165]. Regarding systemic immune responses, a similar
pattern between FLASH- and CONV-irradiated mice was revealed. Overall, both
FLASH and CONYV, or their combination with anti-CTLA4, lead to comparable local
and systemic tumor responses. However, unlike CONV, FLASH induces an anti-tumor
response in severely immunocompromised conditions and thus could represent a useful
therapeutic approach for cold tumors or severely immunocompromised patients [165].

3.2.2 RTs and impact on tumor vasculature and stroma

Tumor blood vessels are characterized by irregular morphology and increased per-
meability. Immature blood vessels and endothelial cells in the tumor are more sensi-
tive to radiation [181]. At doses higher than 5-10 Gy the vasculature is damaged [182].
Low-dose radiation schedules as well as SRS or SBRT are producing angiogenesis and
neovascularization and endothelial cell survival [183, 184]. In contrast, radiation
doses higher than 10 Gy/fraction are consistent with severe damage of tumor vascular
network and TME [184].

Cancer-associated fibroblasts (CAFs) represent a heterogeneous cellular group
with multiple roles in tumor growth and ECM remodeling [185]. CAFs are targets in
combined therapies to overcome the resistance developed by ICI [186]. CAFs, as well
as normal fibroblasts (FBs), are radioresistant to high doses of radiation (50 Gy).
When they are exposed to doses higher than 10 Gy, CAFs undergo an irreversible
process of senescence. Conversely, when applying low doses, these induce reversible
DNA damage and exit from CC arrest. Senescent FBs release enzymes, cytokines,
GFs, and ROS, thereby building an environment favorable to tumor formation.
Stromal FBs are recruited into TME following radiation exposure, which triggers an
inflammatory response followed by fibrosis. This process creates a stiff and pro-
reactive stroma, further promoting tumor growth [187]. Increasing the dose/fraction
reduces matrix stiffness and FBs differentiation and activation, which is favorable to
tumor progression. High-dose RT in some cancers may reduce pro-tumorigenic CAFs
activity [188] by changing their secretome [189].

4. Radiotherapy in melanoma

Melanoma is a type of tumor associated mainly with skin, the cutaneous mela-
noma (CM). Despite the fact that CM represents only 4-7% of skin cancers, 80% of
deaths are caused by this neoplasm. Due to an insidious evolution, aggressiveness,
and remarkable intrinsic or acquired resistance to various therapies, CM has an
increasing incidence worldwide, affecting both sexes (more alarming in young people
under 30 years of age), and still remaining a serious public health issue. The main
incriminating risk factor for the development of CMs remains the environmental UV
radiation.

98



Ultra-High Dose Rate Ioniging Radiation for FLASH Radiotherapy Applications
DOI: http://dx.doi.org/10.5772/intechopen.1010060

Melanoma was excluded for a long period from RTs ultimately due to lack of
overall survival benefits, due to insufficient knowledge about the relationship
between total dose, dose per fraction, duration of therapy and site of treatment.
The expansion of modern concepts of RT coupled with imagistics, such as computer
tomography, magnetic resonance (MRI), and positron tomography (PET) together
with molecular targeted personalized treatments emerged as novel options in the
battle against melanoma, which is still one of the most deadly types of cancer
[76, 190-193].

4.1 The latest advanced technological RT strategies applied to melanoma
treatment

The approved therapies in melanoma include surgery, CTs, ITs, RTs and combina-
tions thereof [193-195]. They are all continuously updated, based on accumulated
knowledge about mutational landscape, novel molecular key players, and pathways,
which operate specifically in this type of neoplasm, as well as in relation with the
immune system.

RT is used in melanoma treatment: (a) as alternative to surgery [196-199]; (b)
as adjuvant or postoperative therapy [200, 201]; (c) as palliative therapy [202, 203];
(d) as enhancer of other therapies-combinatorials with ITs and CTs using different
type of techniques, such as: external beam RT, interventional RT, proton therapy,
and different types of inhibitors (e.g., ICI), are increasing immunostimulatory
potential of radiation and show promising results in term of survival outcomes
[204-207]. Another combination is RT and hyperthermia (HT), which relies on
both radio-sensitization, as well as direct hyperthermic cytotoxicity against
radio-resistant tumor cells, and it is less toxic than other conventional therapies
[208-211].

There are two types of RTs: External beam RT (EBRT) and Internal RT (IRT).
In EBRT, different types of beams produced outside the patient target the body
tumor site. EBRT includes multiple types of procedures: a) 3D-conformal RT (3D-
CRT), in which the shape of the applied irradiation is limited to simple squares
or rectangles due to uniform intensity across each radiation field; b) Intensity
modulated radiation therapy (IMRT) is a type of 3D-CRT, which uses many smaller
beams than 3D-CRT. When IMRT is combined with image-guidance (IG) technolo-
gies, the approach is called IG-IMRT [212]. This combinatorial approach is more
suitable to precisely deliver the radiation than other forms of radiation therapy; c)
Volumetric modulated arc thevapy (VMAT) delivers the radiation dose as the treat-
ment machine rotates and adjusts the radiation dose to the tumor geometry. When
it is coupled with IG it is called IG-VMAT; d) SRS allows the delivery of a single
high dose RT directly to target cancer tissues, thereby eliminating the tumor with
few side effects. In the case of melanoma brain metastasis, the late studies recom-
mend a multidisciplinary approach, including surgery, SRS, systemic immuno,
and targeted chemo-therapy [213, 214]. Gamma knife radiosurgery is a type of SRS
using gamma (y) rays suitable for therapy of small tumors in head, neck, or brain
areas [215]. The name comes from the use of very precise, directed beams to target
the tumors and produce low damage within the normal tissues. Future studies using
variable SRS doses and larger cohorts are needed in order to validate the protocols.
SBRT is suitable to address tumors throughout the body, excluding the brain and
spine [216, 217].
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In IRT, as opposed to EBRT, the source of radiations is inside the patient and it
can be i) solid (brachytherapy/BRT), when the radioactive material is placed inside
the body directly or near tumor, as an implant, which may come as tube, wire,
capsule, seeds, pellets, or ii) liquid (systemic radiotherapy/SRT), when the treatment
is delivered by swallowing, intravenously (IV) or by injection, enters the blood
stream, and reaches tissues throughout entire body, targeting and killing cancer
cells. BRT represents an option for patients with bleeding or pain or for those with
tumors difficult to be excised. Spatially fractionated radiation therapy (SFRT) is a
novel alternative, still under testing, consisting of high and low doses throughout the
tumor in one or more fractions. The distribution of radiation throughout tumor in
standard therapy is in homogenous low-doses fractions, whereas SFRT uses a lethal
dose (peak) in one part of the tumor, while in other portions sublethal (valley)
doses [218]. The rationale was to spare as much as possible from the normal tissue
being damaged. In traditional therapy, a large number of small fractions of low
dose (25-30 fractions of 2 Gy) are used, as opposed to spatial fractionation, which
uses a large dose in peak areas (20 Gy) and a reduced one in the valleys (3 Gy). The
bystander effects resulting from SFRT can be beneficial in normal tissue, whereas
tumor eradication occurs with this type of treatment; although not fully understood,
it is under current molecular investigation in order to develop new therapeutic
strategies [219].

4.2 RTs broaden and streamline traditional therapeutic approaches in melanoma
management

RT is now embedded in melanoma multidisciplinary therapeutic approaches
aiming to prolong cancer remission, increase overall survival, and manage more effi-
ciently the metastatic stages. RT is also aligned with the concept of “precision medi-
cine” [220]. To obtain extrinsic tumor radiosensitization, multiple parameters should
be considered, such as high dose per fraction, high dose rate (to induce a saturation of
tumor DNA repair mechanisms), short overall treatment time, radiosensitizers, and
high LET. Procedures involving RT are adjusted to the melanoma type and patient
clinical stage; modern models based on spatial and temporal modulation of radia-
tion dose on response have been elaborated [77]. The progress made in deciphering
pathways induced in tumors by nontargeted effects (the bystander and abscopal
effects) has allowed the development of novel, complex therapeutic strategies known
as chemo-immuno-radio-therapies (CIRTs), considering the most promising solu-
tions of each type [221].

The cancer stage benefiting the most from the nontargeted effects of RT (mainly
the abscopal effect) is the metastatic one. There are numerous recruiting clinical trials
of IRTs in melanoma involving combinatorials of RTs approaches and classical tar-
geted ITs: (a) Ipilimumab (Iplmab) (anti-CTLA-4) and different RTs: NCT 02097732,
NCT 01449279, NCT01970527, NCT01996202), NCT02303990; Tremelimumab
(anti-CTLA-4) and hypofractionated RT: NCT02639026. All these examples clearly
demonstrate that RT optimize significantly anti-tumor response induced by ITs [222];
(b) RT and anti-PD-1 antibody (MK-3475) (run by Sidney Kimmel Cancer Center at
Thomas Jefferson University, Philadelphia, Pennsylvania, US); (c) vaccines based on
DCs loaded with autologous tumor lysate combined with RT and/or pre-leukapheresis
IFN-a [223]. Chemoradiotherapies (CRTs) that combine the benefits of chemo-
therapeutics and radiation therapy in cancer eradication have not been employed in
melanoma so far to our knowledge.
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5. Radiotherapy in ovarian cancer
5.1 Perspectives on past and future radiotherapeutic regimes

ICI therapy of advanced OC has shown only modest benefits in the management
of this disease due to a low response rate to treatment [224-230]. Research results in
this area point to a highly immunosuppressive environment as the cause for the low
success rate of anti-cancer immunotherapy [231]. This, together with low mutational
burden in OC, explains the lack of visibility of OC tumors by the immune system. The
performed clinical trials showed, however, promising tolerability to IT agents [229].
Thus, the development of safe and effective combination therapies is urgently needed
in order to increase response to this type of treatment. In some cancers, hypofraction-
ated (high-dose) radiotherapy (HDRT; >5Gy per fraction) has been shown to enhance
the anti-tumor immune response [127, 232-235] and synergize with PD-1/PD-L1
blockade [115, 236]. However, CONV-RT has limited use in OC due to increased asso-
ciated abdominopelvic toxicity [237-239]. CONV fractionated RT uses mostly 2-3 Gy
doses to induce cancer cell death. When doses higher than 8 Gy/fraction are used,
the vascular system is impacted through endothelial cell apoptosis [240]. Recently,
George Coukos’ Lab tested a new strategy of applying low-dose CONV radiotherapy
(LDRT; 0.5 or 1 Gy every 2 weeks; total radiation dose 6 or 13 Gy, respectively) to
reverse tumor immune desertification and resistance to ICI of OC patients enrolled in
the RACIN phase I clinical trial [241]. Patients responded by regression of metastatic
solid tumors when LDRT was combined with orthogonal IT. Biopsies confirmed the
pro-inflammatory effect of LDRT at both tested doses and the simultaneous activa-
tion of innate and adaptive immunity, which was associated with tumor response.
However, the persistence of side effects from the immunomodulatory cocktail was
higher than expected and led to treatment discontinuation.

A recent preclinical study at Stanford University indicated that abdominopelvic
FLASH irradiation enhances response to anti-PD1 IT in mouse models of OC [177].
These effects are mediated via increased T cell infiltration and activation within the
omentum TME, as well as decreased Tregs-to-effector ratio in the tumor and the mes-
enteric lymph nodes. Radiation-induced intestinal injury was decreased as compared
to CONV irradiation conditions. Further, equal abscopal response [242] and systemic
anti-tumor immunity were induced by FLASH and CONV X-ray when integrated
with ICL.

5.2 Tissue transglutaminase (TG2) as a targetable marker of survival to
radiotherapy in different types of cancer

Tissue transglutaminase (TG2) is a multifunctional protein that plays impor-
tant roles in cancer cells resistance to CT and RT. In this regard, TG2 operates via
activating the NF-kB survival pathway or by promoting the signaling cascade
initiated by TG2-regulated cell adhesion to the extracellular matrix [243]. TG2 is
upregulated in glioblastoma [244], ovarian [245], pancreatic [246], lung [247],
and breast cancer [248]. TG2 overexpression was associated with an unfavorable
prognosis of patients with OC [249], lung cancer [250], and pancreatic cancer
[251]. TG2 is involved in resistance to RT in lung cancer, melanoma, glioblastoma,
and laryngeal cancer. In lung cancer, TG2 was shown to participate in the nuclear
DDR by interacting with Topo IIa through the TG-ase domain, upon irradia-
tion with a 365 nm-pulsed nitrogen laser [252]. Artificially increasing TG2’s
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biosynthesis did not influence melanoma cells proliferation and clonal expansion
after irradiation [253]. TG2 knockout (KO) has reduced the proliferation, clonal
expansion, and spheroid formation capacity of irradiated cells, meaning TG2
expression can be correlated with radioresistance. TG2 and SDC1 were found to be
overexpressed in radioresistant glioblastoma multiforme (GBM) [254]. SDC1-TG2
complex regulates GBM radioresistance by fusing autophagosomes with lyso-
somes. Irradiated astrocytes secrete TG2 in order to stimulate a pro-tumorigenic
TME [255]. Astrocytes survived in mouse brains after irradiation, subsequently
causing injected glioma cells to form more aggressive tumors. Astrocytes accom-
plished this by increased secretion of TG2 in the ECM, which persists even after
tumor regression. This further promotes the formation of new tumors and
enhances stemness and survival of cancer cells. In a glioblastoma orthotopic
xenograft mouse model, radiation-induced TG2 regulated mesenchymal transdif-
ferentiation that supports cancer cell therapy resistance; TGM2 gene silencing or
TG2 inhibitor GK921 interfered with this phenotype and prolonged mice survival
[256]. Increased TG2 gene copy number was detected in esophageal cancer, where
it was correlated with nodal metastasis and tumor invasion [257]. TG2 levels are
further increased in chemo- or radio-resistant cancer cells [258]. In laryngeal
cancer, the expression of TG2 and BNIP3 affect postoperative RT response [259].
High TG2 and/or low BNIP3 tumors were correlated with negative clinical out-
comes for patients undergoing postoperative radiation therapy.

When secreted, TG2 forms bridges to connect integrin receptors and fibronectin
(FN) [260], thereby increasing FN bundling [261] and cells capacity to adhere to
FN-rich tissues [260]. This favors tumor growth by increasing cancer cells prolifera-
tion and invasion abilities and by increasing resistance to anti-cancer treatments,
including RT. We and others [262-265] have participated in the effort of developing
molecules that would prevent TG2-FN interaction in order to minimize its contri-
bution to different pathologies. TG2-FN inhibitors are able to sensitize OC cells to
CT drugs such as paclitaxel [264] and represent a promising strategy to combat
tumor progression in cancer lesions highly expressing TG2. NC9 or AA9 inhibitors
of TG2 transamidation activity [266] were shown to have modulatory activity on
cancer cell invasion and metabolism [267]. Overall, TG2 targeting shows moderate
apoptosis-inducing properties but has increased potential as sensitizing agent to
other therapeutics, including RT. TG2-FN irreversible inhibitor KCC009 induces
radiosenzitization in lung adenocarcinoma cells, irrespective of p53 status [268].
Importantly, TG2 expression in the host tissues is also implicated in modulating the T
cell-mediated anti-tumor immune response [269, 270]. In the absence of TG2 in the
host, there is a decreased ascites accumulation in the peritoneal cavity and a lower
number of OC cells in ascites [269]. CD8" T cells from the TME of tumor-bearing
TG2KO mice have a predominant effector memory phenotype and increased cancer-
killing capacity. In human OC tumors, high expression of TG2 in the stroma is cor-
related with decreased CDS8" T cell infiltration into tumor tissue, which makes TG2
an important immunomodulatory target. Moreover, Wang et al. [270] have shown in
three different solid tumors that TG2 facilitates the formation of covalent CXCL12—
keratin-19 (KRT19) heterodimers, which assemble into filamentous networks. This
restricts the access of CD8" T cells into tumors. The CXCL12-KRT19 coating leads to
IT resistance, which could be reversed by either TG2 or KRT19 elimination from PDA
cells. Therefore, a continuation of the efforts to develop potent and selective TG2
inhibitors and/or their combinatorial use with other therapies shows high potential
of translation into the clinic.
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6. Conclusions

The progress in radiotherapy (RT) meets nowadays technological challenges and
major innovations for precise, efficient and personalized treatments. These challenges
and innovations are based on extensive cross-disciplinary collaborations, advances in
computational power, and considerable financial investment to overcome the techni-
cal and logistical difficulties.

With this chapter, we gave an overview of some innovative technologies and critical
methodologies that may have potential for effective clinical translation, with an emphasis
on FLASH RT using ionizing radiation. Some challenges were defined in Sections 1 and
2, such as the use of ionizing radiation generated by ultra-intense lasers in FLASH irradi-
ation therapy for cancer treatment, and the delivery of accurate doses and reproducibility
in FLASH dosimetry and standardizing calibration techniques. Further, i vitro protocols
are essential to be developed in order to understand cellular behavior when exposed
to FLASH irradiation. In this context, it is known that the ionizing radiation results in
significant changes in the tumor microenvironment (TME) while also representing an
immunological adjuvant. In Section 3, we discussed the aspects of tumor cellular com-
plexity and molecular mechanisms involved in cell response to radiation. From a biologi-
cal point of view, it is essential to explore molecular and cellular mechanisms behind the
cellular response to FLASH irradiation in order to propose appropriate RT treatments for
radioresistant cells, such as melanoma cells, or combined RT with immunotherapy (IT)
or chemotherapy (CT) strategies for deep-seated tumors, such as ovarian cancer (OC). In
Section 4, we presented the cellular and molecular responses to radiotherapy in mela-
noma microenvironment while in Section 5 the cellular and molecular responses in OC.

The scientific impact of understanding the FLASH irradiation effect on cancer
cells may potentially bring progress in new tissue culture technical approaches
relevant for the exploration of fundamental molecular aspects of the induced FLASH
effect. It can also support the development of new strategies to advance the stability
and uniformity of new FLASH irradiation sources. Molecular iz vitro investigations
will represent valuable assets to associate different mechanisms involved in resistance
to environmental and/or therapeutic stressors and for therapeutic combinations.
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