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Abstract 
The paper deals with nuclear therapy from its beginnings to its growth in the clinic. Briefly illustrates the therapeutic effect of 
radiation. Subsequently it deals with dosimetry and its importance in obtaining therapeutic effects. Finally, it addresses the 
issue of theranostics and its contribution to the affirmation of nuclear therapy. 
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Introduction 
The use of ionizing radiation for the treatment of neoplasms 
has been a well-established technique for years that goes by 
the name of radiotherapy [1, 2]. 
The main purpose of a radiotherapy treatment is to induce 
the death of all the tumor cells following the administration 
of a certain amount of radiation. However the damage to the 
cells by the ionizing radiation is a random process; there is 
therefore a non-zero probability that some cells survive 
radiation [3].  
The quantity of main interest in radiotherapy is the absorbed 
dose, D. The absorbed dose in a volume of mass dm at the 
point P is defined as: 
 

 
 
Where dE is the energy deposited by the radiation in the 
mass volume dm.[4] The unit of measurement of the 
absorbed dose is the Gray (Gy), defined as 1Gy = 1 Joule / 
kg. With the same irradiation, the absorbed dose values are 
specific for the irradiated medium [5]. 
Regarding the possibility that some cells can survive 
radiation, the cell survival studies after irradiation with 
ionizing radiation is possible to calculate the probability of 
local tumor control (TCP Tumor Control Probability). TCP 
indicates the probability that all tumor cells are killed 
following the administration of a certain amount of radiation 
equal to an absorbed dose D in water [6]. If on average at a 
certain dose D are killed a(D) cells, the probability PD(n) 
that n cells survive follows the Poisson distribution given by 
the formula: 
 

 
 
TCP is therefore defined as: 
 

 

The cell survival study is also performed on healthy cells, 
thus constructing the so-called Normal Tissue Complication 
Probability (NTCP) curve. An effective radiotherapy 
treatment is characterized by a dose absorbed in water such 
that the TCP value is close to 1 (all cancer cells are killed), 
while the NTCP value is close to zero (low probability of 
complications of healthy tissue) [7-9].  
In addition to radiation from external beams, the 
radiotherapy effect can be obtained internally by 
administering drugs labeled with radioactive isotopes, by 
means of their nuclear radiations [10, 11].  
These particular drugs (radiopharmaceuticals) are chemical 
compounds characterized by a molecule called vector which 
possesses physical-chemical-biological requisites for the 
specific organ, tissue or physiological process of clinical 
interest, to which was added a radioactive isotope [12]. 
Once administered, orally, parenteral or other routes of 
administration, due to their pharmacodynamic 
characteristics, these drugs reach the organs, or functional 
systems that we are interested in reaching to obtain the 
deposit of radiations in the site to be treated. Nuclear 
Medicine therapy, also before known as radio-metabolic, 
consists in labeling those drugs with radionuclides that emit 
a “curative” type of radiations such as beta- or alpha-
particles. 
Treatment with radioactive isotopes was the first clinical 
application of Nuclear Medicine, when, at the beginning of 
the '40s, Phosphorus-32 was used for the polycythemia and 
some forms of leukemia and was subsequently adopted the 
administration of Iodine-131 for therapy of thyroid disease 
[13-15]. 
Nuclear Medicine treatment, also called Molecular 
Radiotherapy, has a very low risk, for example, to cause the 
occurrence of tumors in the treated subjects, so that often 
these therapies are also used for benign diseases. Nuclear 
medicine technology is now regarded as an essential tool for 
diagnosis, palliation, therapy, and theranostic applications 
[12]. 
Since Nuclear Medicine is an integral part of modern 
healthcare, the use of radioactive nuclides tagged 
biomolecules, evaluating their distribution in human bodies 
by SPECT or PET systems, provides longitudinal sets of 
volumetric and quantitative images that can be used to 
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diagnose a wide range of disease and/or assess response to 
disease specific treatments [16]. For this purpose, the various 
radiopharmaceuticals are labeled with radioisotopes 
emitting radiations that are easily detectable outside the 
body such as gamma rays and positrons. 
As mentioned before one of the nuclear radiation 
predominantly used for therapeutic purposes are the beta 
particles emitted by unstable nuclei of various elements 
such as iodine-131, yttrium-90 or the newer Lutetium-177 
or Holmium-166. The small distance covered by 
corpuscular radiation emitted by utilized isotopes helps to 
make a more targeted treatment and, since all the radiated 
energy is released in a small space, thus irradiated cells 
cannot repair the damage that their DNA have suffered, then 
running into death. 
The relatively path length is about 0.8–5 mm and low linear 
energy transfer (LET) is of approximately 0.2 keV/μm [17]. 
The relatively long range of these particles results in a rather 
pronounced crossfire effect that can affect the cells to be 
treated, but also contributes to the non-specific toxicity of 
non-targeted tissues. Beta emitters such as 90Y or 188Re, 
with these long range properties are more suitable for 
treating large and poorly perfused tumors, but less suitable 
for targeting small metastases as their energy would be 
deposited outside the target volume. In case of small lesions 
to be treated, it is preferable to use low-energy beta 
radiation, such as those emitted by Lutetium-177 [18]. The 
half-life of these beta emitting radioisotopes is also very 
important for therapeutic efficiency, making it more useful 
to use radioisotopes with longer half-lives [19]. 
Raised recently a clinical interest towards alpha emitters in 
Nuclear Medicine therapy, that derives from the fact that 
with these nuclides it is possible to easily delete individual 
cancer cells, while this is not generally possible with beta 
emitters, while maintaining an acceptable toxicity 
profile.[20] Alpha particles have much higher energy (4-9 
MeV) and travel into tissues only over a few cell diameters 
(i.e. 40-100 μm), thus offering the exciting prospect of 
matching the specific nature of the molecular targeting cell 
with radiation. Alpha particles emitting drugs have a higher 
Biological Effective Dose (BED) of the most energetic beta 
particles, thus allowing more targeted treatments. 
The simple physical basis of the difference between alpha 
and beta rays is the ratio of their masses, that is about 8000 
to 1. This enormous difference, together with the electric 
charge, greater however only of a factor of 2, and energy 
emissions, higher only by a factor of 10, implies that alpha 
particles travel with non-relativistic speed (about 1/20 of the 
speed of light), while beta ones have a speed practically 
equal to the light speed. The slower speed of the alpha 
radiation therefore results in a much shorter route than that 
of the electrons in the middle traversed, thus resulting in a 
Linear Energy Transfer (LET) much higher, measured in 
keV/micron. 
The 5.9 MeV and 8.4 MeV alpha LET are 80 keV/micron 
and 61 keV/micron, respectively, while those of beta of 100 
and 500 keV are 0.2 and 0.5 keV/micron. 
This much higher LET generate ionization density along the 
path much higher and a much shorter range of route of the 
alpha particles, compared to beta ones. Both characteristics 
have very important implications for radionuclide therapy 
and dosimetry.  
The ionization density has a strong influence on the shape of 
the survival curve as a function of the dose. Low LET 

radiation (photons and electrons) induces 3-9 ionizations on 
a distance of 3 nanometers. The alpha particle has such a 
short route that few cell diameters, typically 5, are crossed 
by each particle. The concentration of ionizations along the 
alpha route is so high that a single shot to the DNA is able 
to kill a single cell.  
It is clear that in the case of beta rays, the mean dose 
concept is significant, even if considered on a macroscopic 
volume that can be small like a voxel of medical application 
scanners (the size of a few millimeters).  
The concept of average dose is not significant however, 
with alpha rays, or, rather, slightly predictive of biological 
effects, because the same amount of energy deposited by a 
projectile directed to the cell membrane could give 
completely different biological effects to the cytoplasm or 
inside the nucleus. 
The first clinical applications of alpha emitters are of recent 
date and relate to the use of Radium-223 for the treatment of 
bone metastases [21]. In fact, the Radium-223 behaves in 
nature as a mimetic of calcium, and then reaches, once 
administered, the bone lesions with higher calcium turnover. 
In this case the therapeutic effect, in addition to causing a 
net reduction in the painful symptoms, also demonstrated a 
significant increase in survival, on average estimated at 3.6 
months. The aforementioned short route alpha leaves also 
unharmed neighboring tissues, particularly the bone 
marrow. 
Other alpha emitters in study are the Bismuth-212 
(synthesizable with a 244Ra/212Bi generator) which, as its 
isotope Bismuth-213, can be chelated into special carrier. 
Another nuclide is Astatine-211which, similar to iodine, can 
bind a covalent, bond to carbon atoms of other molecules [22, 

23]. 
As mentioned before, the molecular radiotherapy (MRT) is 
clinically used for about 75 years. Yet, despite this long 
history of clinical use, there is no established dosimetric 
practice for calculating the dose absorbed by tumor targets 
or organs at risk. As a result, treatment protocols have often 
evolved based on experience with a relatively small number 
of patients. Each of them is given a similar activity but, 
potentially, widely varying absorbed doses. All this is in 
contrast with what happens in modern external beam 
radiotherapy, where the dose is tailored as precisely as 
possible, thanks to devices for defining the target area more 
and more precise, thanks to the contribution of medical 
physicists for the simulation of the calculation of the dose 
and increasingly collimated accelerators for the protection 
of nearby healthy organs [24]. 
The absorbed dose that can be delivered to tumor lesions, in 
the case of targeted radiotherapy, is limited by toxicity to 
the organs at risk. So this situation is capable of constraining 
the prescription activity to be administered, in order to 
minimize the dose to the organs at risk thus reducing to a 
maximum the possible side effects [25]. So an accurate and 
personalized evaluation of absorbed dose to organ at risk 
and tumor lesions should be performed to guide activity 
prescribing decisions and since treatment planning is a real 
challenge, the best way to execute it consists of a 
customized 3D dosimetry, based on Monte Carlo 
calculations [26]. 
The dosimetric evaluation can take place either after 
treatment, to evaluate the real effectiveness of the treatment, 
or before treatment, to determine the maximum tolerated 
activity to limit irradiation of healthy tissue [27]. 

http://www.radiologyjournals.com/
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In molecular radiotherapy the radiation sources are not 
localized, but are distributed in the various organs and 
tissues involved both in the chemical processes and in the 
physiological pathway of the molecule that constitutes the 
radiopharmaceutical. Furthermore, the distribution of the 
radiopharmaceutical is not fixed over time, but varies 
according to the chemical and physiological processes 
typical of each patient. For these reasons the dosimetric 
evaluation in the region of interest (either it the organ at risk 
or the lesion to be treated) must take into account both the 
irradiation due to the presence of multiple sources (the 
various tissues in which the molecule is involved) and the 
retention (uptake) and elimination (clearance) times of the 
radiopharmaceutical. 
The basis of a correct dosimetric evaluation for the use of 
radiopharmaceuticals in nuclear medicine consists in a 
precise measurement of the radionuclide activity in the sites 
of interest. Radionuclide activity can be measured by two-
dimensional scintigraphic images, or by SPECT or PET 
tomography [28], depending on the radionuclide used and 
patient comfort. It is clear for the quantification of the 
activity values, that a three-dimensional imaging is 
preferred in cases where a superimposition of several 
springs in the scintigraphic images is suspected [29]. An 
innovative method of iterative thresholding for tumor 
segmentation has been proposed and implemented for a 
SPECT system [26]. 
On the basis of what has been said it can be stated that: 
“Dosimetry not only is nice to have and easily performed 
but also is needed for predicting therapy success and 
optimizing therapeutic applications of 
radiopharmaceuticals”[30] 
We said before that in nuclear medicine there is the 
possibility of calculating the dose received from a lesion to 
be treated before performing molecular therapy. In fact, 
there is often the possibility of administering a 
radiopharmaceutical able to concentrate in the lesion, 
labeled with a gamma –emitting, or positron emitter, isotope 
useful for detection with diagnostic equipments (SPECT or 
PET) and so calculate the amount dose received. In this way 
it will be possible to calculate the exact dose to be 
administered of the same molecule, labeled this time with an 
alpha or beta particles emitter for therapeutic purposes. This 
is what is called theranostics in nuclear medicine [31] 
A clear example of theranostics applied since the dawn of 
nuclear medicine is represented by pathologies of the 
thyroid gland. In fact, the use of iodine in this case was 
applied first in therapy than in diagnostics, but the current 
use involves a diagnostic phase with Iodine-123, which 
emits only gamma radiation, while the subsequent 
therapeutic phase is carried out with iodine-131 which emits 
beta particles. In this way it is also possible to perform a 
fairly precise dosimetric calculation [32, 33]. 
Equally significant is the case of therapy with Radio-223, as 
mentioned above an alpha particle emitter, for bone 
metastases of prostate and breast cancer. In fact, the 
behavior of this radiopharmaceutical mimics calcium 
metabolism. The same goes for the radiopharmaceutical for 
skeletal diagnostics, MDP labeled with Technetium-99m, an 
emitter of only gamma radiation. The preventive diagnostics 
with this last radiopharmaceutical allows a valid calculation 
of the optimal therapeutic dose of Ra-223 [34-36]. 
In conclusion, the principle of theranostics and its 
introduction into the clinical practice of nuclear medicine in 

the field of molecular radiotherapy, has allowed us to 
considerably implement obtained results in multiple clinical 
situations [37]. 
 
References 
1. MacKee GM. X-Rays and Radium in the Treatment of 

Diseases of the Skin. Lea & Febiger, 1921.  
2. Del Regato JA. Radiological oncologists: the unfolding 

of a medical specialty. Amer College of Radiology, 
1993.  

3. Suntharalingam N, Podgorsak EB, Hendry JH. Chapter 
14: Basic Radiobiology in: Radiation Oncology 
Physics: A Handbook for Teachers and Students IAEA 
publication, 2005.  

4. McNitt-Gray MF. AAPM/RSNA physics tutorial for 
residents: topics in CT: radiation dose in CT. 
Radiographics,2002:22:1541-1553. 

5. Fielden EM. Chemical Dosimetry of Pulsed Electron 
and X-Ray Sources in the 1–20 MeV Range. In: 
Baxendale J.H., Busi F. (eds) The Study of Fast 
Processes and Transient Species by Electron Pulse 
Radiolysis. NATO Advanced Study Institutes Series 
(Series C-Mathematical and Physical Sciences), 
Springer, Dordrecht, 1982, 86.  

6. Munro TR, Gilbert CW. The relation between tumor 
lethal doses and the radiosensitivity of tumor cells. Br J 
Radiol,1961:34:246-251. 

7. Baumann M, Petersen C. TCP and NTCP: a basic 
introduction. Rays.2005:30(2):99-104. 

8. Kehwar TS. Analytical approach to estimate normal 
tissue complication probability using best fit of normal 
tissue tolerance doses into the NTCP equation of the 
linear quadratic model. J Can Res Ther,2005:1:168-79 

9. Marks LB, Yorke ED, Jackson A, Tenhaken RK, 
Constine LS, et al. Use of normal tissue complication 
probability models in the clinic. Int. J. Radiation 
Oncology Biol. Phys,2010:76:S10-S19. 

10. Rodney JH. 82016) Chapter 21. Back to the Future: 
Nuclear Medicine Rediscovers Its Therapeutic Roots, in 
Yuji Kuge, Tohru Shiga, Nagara Tamaki Eds, 
Perspectives on Nuclear Medicine for Molecular 
Diagnosis and Integrated Therapy, Springer Nature. 
DOI 10.1007/978-4-431-55894-1 

11. Giammarile F, Muylle K, Bolton RD, Kunikowska J, 
Haberkorn U, Oyen W. Dosimetry in clinical 
radionuclide therapy: the devil is in the detail. Eur J 
Nucl Med Mol Imaging,2017:44(12):1-3. 

12. Alsharef S, Alanazi M, Alharthi F, Qandil D and 
Qushawy M. Review about radiopharmaceuticals: 
Preparation, radioactivity, and applications. Int. J. App. 
Pharm,2020:12:8–15 

13. Lawrence JH. Nuclear physics and therapy. Preliminary 
report on a new method for the treatment of leukemia 
and polycythemia vera. Radiology,1940:35:51-60. 

14. Hamilton JG, Lawrence JH. Recent clinical 
developments in the therapeutic application of 
radiophosphorus and radio-iodine. J Clin 
Invest,1942:21:624. 

15. Hertz S, Roberts A. Radioactive iodine in the study of 
thyroid physiology; the use of radioactive iodine 
therapy in hyperthyroidism. J Am Med assoc, 
1946:131:81-86. 

16. Hacker M, Beyer T, Baum RP, Kalemis A, 
Lammertsma AA, et al. Nuclear medicine innovations 

http://www.radiologyjournals.com/


International Journal of Radiology Sciences   www.radiologyjournals.com 

8 

help (drive) healthcare (benefi ts). Eur J Nucl Med Mol 
Imaging,2015:42:173-175. 

17. Bethge WA, Sandmaier BM. Targeted cancer therapy 
using radio-labeled monoclonal antibodies. Technol 
Cancer Res Treat,4:393–405. 

18. Kramer-Marek G, Capala J. The role of nuclear 
medicine in modern therapy of cancer. Tumor Biol, 
2012:33(3):629-640. 

19. Howell RW, Goddu SM, Rao DV. Proliferation and the 
advantageof longer-lived radionuclides in 
radioimmunotherapy. Med Phys,1998:25:37–42. 

20. Mango L, Pacilio M. Therapy with Alpha Rays. ARC J. 
Radiol. Med. Imaging,2016:1:1-3. 

21. Parker C, Nilsson S, Heinrich D, Helle SI, O'Sullivan 
JN, et al. for the ALSYMPCA Investigators. Alpha 
Emitter Radium-223 and Survival in Metastatic Prostate 
Cancer. N Engl J Med,2013:369:213-23 

22. Seyed KI. Advancements in cancer therapy with alpha-
emitters: a review Int J Radiat Oncol Biol Phys, 
2001:51(1):27:1–8. 

23. Wadas TJ, Pandya DN, Sai KKS, Mintz A. Molecular 
Targeted α-Particle Therapy for Oncologic Applications 
AJR,2014:203:253–260. 

24. McGowan DR, Guy MJ. Time to demand dosimetry for 
molecular radiotherapy? Br J Radiol 88:20140720, 
2015. doi: 10.1259/bjr.20140720 

25. Le Guludec D, Aigueperse J. Dose optimization: a 
major challenge for acceptability of nuclear medicine 
Clin Transl Imaging, 2016:4:73–74 DOI 
10.1007/s40336-015-0158-3 

26. Pacilio M, Basile C, Shcherbinin S, Caselli F, Ventroni 
G, et al. An innovative iterative thresholding algorithm 
for tumour segmentation and volumetric quantification 
on SPECT images: Monte Carlo‐based methodology 
and validation. Medical physics,2011:38(6Part1)3050-
3061. DOI: 10.1118/1.3590359 

27. Mango L. Dosimetry for molecular radiotherapy. J 
Radiol Med Imaging, 2019:2(1):1015. 

28. Flux G, Bardies M, Monsieurs M, Savolainen S, Strand 
S-E, et al. The impact of PET and SPECT on dosimetry 
for targeted radionuclide therapy. Z Med Phys, 
2006:16:47–59. 

29. Basile C, Botta F, Cremonesi M, De Cicco C, Di Dia A, 
et al. Dosimetry Using SPECT-CT. In: Atlas of 
SPECT-CT. Springer, Berlin, Heidelberg,2011,213-
225. 

30. Eberlein U, Cremonesi M, Lassmann M. Individualized 
Dosimetry for Theranostics: Necessary, Nice to Have, 
or Counterproductive? J Nucl Med,2017:58:97S-103S. 

31. Mango L. Theranostics: A Unique Concept to Nuclear 
Medicine. Heighpubs J Cancer Sci Res,2017:1:001-004. 

32. Pacilio M, Ventroni G, Frantellizzi V, Cassano B, 
Verdolino E. et al. Dose-response correlation in 
radioiodine therapy of hyperthyroidism from nodular 
thyroid disease. Eur J Nucl Med Mol Imaging, 
2017:44:S259-S260. 

33. Mango L. Dose-Response Correlation is Possible in 
Radioiodine Therapy of Hyperthyroidism. Archives of 
Radiology,2019:2(2):34-36. 

34. Pacilio M, Ventroni G, De Vincentis G, Cassano B, 
Pellegrini R, et al. Dosimetry of bone metastases in 
targeted radionuclide therapy with alpha-emitting Ra-
dichloride. Eur J Nucl Med Mol Imaging,2016:43:21-
33. 

35. Flux GD. Imaging and dosimetry for radium-223: the 
potential for personalized treatment. Br J Radiol, 
2017:90:20160748:28. 

36. Mango L. 223Ra-dichloride in castration-resistant 
prostate cancer (CRPC) with bone metastases: a still 
unexplored resource. Onc Res Rev,2018:1:2-3. 

37. Mango L. Nuclear Medicine in the Third Millennium. J 
Nucle Med Clinic Imag,2019:1(1):001. 

http://www.radiologyjournals.com/

