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RADIACTIVE EMISSION: 

Alpha: 2p + 2n (He) 

Beta: e+, e- 

 

 

Gamma 

X Electromagnetic - IMAGE 

Particles - TREATMENT 

EMISSION TYPES OF UNSEALED RADIOACTIVE SOURCES 

ALPHA 

BETA 

GAMMA 



RADIOFÁRMACO 

VECTOR RADIONÚCLIDO + 

Átomo* 

Molécula* 

Célula* 

Diseñado según el 
proceso metabólico a 
diagnosticar o tratar 

UNIÓN 
ESPECÍFICA 
A LA 
DIANA 
BIOLÓGICA 



Los radiofármacos son medicamentos 
 
Su introducción en la práctica clínica sigue los mismos procedimientos 
que los otros medicamentos 
 
Fase preclínica 
 
Ensayos clínicos 
 
Fase I: Biodistribución, farmacocinética, seguridad. Determinación de 
la dosis  
 
Fase II: Farmaco-dinámica, establecer la relación dosis-respuesta 
 
Fase III (regulatoria): Evaluación de la eficacia y seguridad terapéutica 
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Principles of Radionuclide Treatment 
• Optimal half-life of the radionuclide 

• Decay tipe 

• Particle characteristics 

• Linear energy transfer coefficient (LET) 

• Relative biological effectiveness (RBE) 

• High affinity with the target 

• Low irradiation to healthy tissues 

• Pharmacodynamics adjusted to the desired dosimetry 

 

 

 ALPHA EMISSION 

• High energy heavy helium nuclei  

• 2 protons  + 2 neutrons (4He) 

 

 

http://es.wikipedia.org/wiki/Imagen:Alphadecay.jpg


RADIATION PENETRATION REQUIRED SHIELDING 

PLASTIC 

LEAD 

METHACRYLATE 



Therapeutic Advantages of  
Alpha Particles 

• Very short trajectory in delivering virtually all its energy 
(40-80 mm), high Linear Energy Transfer between 5 and 
8 Mev) 

• An alpha particle traversing a cellular core of 0,1 mm in 
diameter, deliver a 800 keV energy equivalent to a dose 
of approximately 0.25 Gy 

• High RBE of such radiation allows inactivation of exposed 
cells with few particles in contrast to gamma radiation or 
beta particles 



Biologic effect 

• Output electrons of the atomic shell 

• Appearance of ions and free radicals 

• DNA molecular changes 
– Chromosomal damage 

– Cell growth disorder 

– Apoptosis 

– Cell death 
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Radium-223 
 Alpha particle-emitter with a half-life of 11.4 days 
 The specific activity of radium-223 is 1.9 MBq/ng 
 Half-life 11.4 days 
 Actinium-227 is produced by neutron irradiation of natural 226Ra.  

alpha-particles  95.3% 
5.0 - 7.5 MeV  
 
 -particles  3.6%  
0.445 MeV - 0.492 MeV 
 
 γ radiation <2% 
269 keV, 154 keV, 324 keV 
 

Purified 227Ac comes into 
equilibrium with its decay products 
(227Th and 223Fr) after 185 days 
No traces found in Ra-223 vials!!  



Animal data and dosimetric estimates have indicated that bone-
targeted a-emitters can deliver therapeutic relevant radiation doses to 
bone surfaces and skeletal metastases at activity levels that should be 
acceptable in terms of bone marrow radiation exposure 

Therapeutic study of 223Ra in a nude rat skeletal metastases model 
showed a significant antitumor activity 

Biodistribution study of 223Ra in a dog with bone cancer showed affinity for 
and stability within calcified tissues. Radium-223, eliminated via intestinal 
clearance, resided in transit in the gut content, whereas the activity in 
intestinal walls was low and comparable with the other soft tissues. 
 
a-Track microautoradiography of canine specimens indicated a 
concentration of bone-seeking a-emitter on the bone surfaces of trabecular 
bone in a vertebra and a very high accumulation in strongly osteoblastic 
bone matrix 

High-Linear EnergyTransfer IrradiationTargeted to Skeletal Metastases by the A-Emitter 223Ra: 
Adjuvant or Alternative to ConventionalModalities? Bruland OS, Clin Cancer Res 2006 

PRECLINICAL STUDIES 



Radium-223 (223RaCl2)
  

OS Brulant et al, Clin Cancer Res 2006;12:6250s 
 

Bone microautoradiography of dogs after injection 223Ra 
Distribution of particles in a normal bone and in increased osteoblastic  area 

osteoblastic zone normal spongious bone  



Target: Hydroxylapatite  (Ca10(PO4)6(OH)2)  
 

40-60% administered dose located in the skeleton 
 
Increasing uptake until 24h 
 
Low extraskeletal redistribution 
 
Reduced bone marrow irradiation 
 
Effective radiation in multiple locations 
 
Effective radiation of micrometastases 
 



High-Linear EnergyTransfer IrradiationTargeted to Skeletal Metastases by 
the A-Emitter 223Ra: Adjuvant or Alternative to Conventional Modalities?  
Bruland OS, Clin Cancer Res 2006 





THERAPEUTIC INDICATION: treatment of adults with castration-resistant prostate cancer, 
symptomatic bone metastases and no known visceral metastases.  

Ra223-XOFIGO 

ESMO 2016 Update – Prostate Cancer Algorithms 



Eur J Cancer. 2017 





 Criteria prior RN treatment  

•Life expectancy > 6 months 

 

•Two or more skeletal metastases (≥2 hot spots) on bone scintigraphy 

 

• Laboratory requirements: 

 a. Absolute neutrophil count (ANC) ≥ 1.5 x 109 /L b 

 b. Platelet count  ≥100 x109 /L c. 

 c. Hemoglobin  ≥9.0 g/dL (90 g/L; 5.6 mmol/L) without 

 transfusion or erythropoietin support within 4 weeks prior to screening 

 d.  Total bilirubin level ≤ 1.5 

 

•Written, signed informed consent. Subject must be able to understand and be 

willing to sign the written informed consent form (ICF). A signed ICF must be 

appropriately obtained prior to the conduct of any study-specific procedure.  



XOFIGO 
Treatment methodology 

First administration 
Haematological evaluation of patients must be performed at baseline and 
prior to every dose of Xofigo. 
Before the first administration, the absolute neutrophil count ANC ≥ 1.5 x 
109/l 
Platelet count ≥ 100 x 109/l  
Haemoglobin ≥ 10.0 g/dl. 
 
Before subsequent administrations 
ANC ≥ 1.0 x 109/l  
Platelet count ≥ 50 x 109/l. 
In case there is no recovery in these values within 6 weeks after the last 
administration of Xofigo despite receiving standard of care, further 
treatment with Xofigo should only be continued after a careful benefit/risk 
evaluation  



Dispensing and activity measurements 

Fume cupboard 

Dispense by unit volume 

Dose-calibrator activity confirmation 

 

Protective clothing 

 Gloves 

 Gown/apron 

Overshoes 

Mask/glasses 

Syringe shield: plastic 

 

Ra-223 
Staff protection 



Calculation of activity measurements 

 

Ra223 

50 kBq/kg weight 

Concentration 1000kBq/ml 

Day from reference date Physical decay factor

-14 2.34

-13 2.20

-12 2.07

-11 1.95

-10 1.83

-9 1.73

-8 1.62

-7 1.53

-6 1.44

-5 1.35

-4 1.27

-3 1.20

-2 1.13

-1 1.06

0 1.00

1 0.94

2 0.89

3 0.83

4 0.78

5 0.74

6 0.69

7 0.65

8 0.62

9 0.58

10 0.55

11 0.51

12 0.48

13 0.45

14 0.43

12 noon Central European Time

EUROPE

Decay correction 

Volume (mL) = 
Weigth (kg) x 50  
 
Decay factor x 1000kBq/ml 



ADMINISTRATION 

Licensed RI operator nurse 

Outpatient procedure 

Well-ventilated room 

Usual protective clothing 

Secure, peripheral canula 

Slow i.v. Injection over 1 minute 

10-20 mL 0.9% saline flush 

 

 

 

Injection site reactions  
Grade 1 and 2 injection site reactions, 
such as erythema, pain and swelling, 
were reported in 1.2% of patients treated 
with Xofigo.  

Ra223 



POST-TREATMENT ADVICE FOR PATIENTS 

Predominant GI excretion: minor GI disturbance 

Minimal urinary excretion: contamination risk low 

Normal hygiene: contamination risk low 

Family members/carers exposure: 

 Dose rate at 1 m = 0,05 uSv/h 

No close contact restrictions 

Patient card or repord to explain that they have been treated 

With a radionuclide (in case of emergency surgery or security issues) 

 

 

Ra223 
Pautas de seguimiento 
Seguridad de paciente 



XOFIGO 
Adverse reactions reported in clinical trials 

 in patients treated with Xofigo 

INFREQUENT  PATIENT COMPLAINTS 
Temporary increase in bone pain 
Gastrointestinal disorders 



Vogelzang NJ, et al. Clin Genitourin Cancer. 2016.  In Press.  

 

Factores asociados a un riesgo superior de 
toxicidad hematológica 
 

Un subanálisis de la seguridad de 

dicloruro de 233Ra identificó los 

factores basales asociados a un riesgo 

superior de toxicidad hematológica 

(grado 2-4). 

 

 

Los factores de riesgo para trombopenia 
G2-4 fueron docetaxel previo, y niveles 
reducidos de plaquetas y hemoglobina. 
 
Los factores de riesgo para anemia G2-4 
fueron la extensión de la enfermedad (6-
20 vs. < 6 metástasis) y elevado PSA . 
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Phase I study to better profile the pharmacokinetics, pharmacodynamics, and biodistribution of this agent. 
Ten patients received either 50, 100, or 200 kBq of 223Ra per kilogram of body weight. 
Six of these ten patients received a second dose of 50 kBq/kg.  
Kinetics and biodistribution were assessed by serial blood sampling, planar imaging, and whole-body counting. 
Pharmacodynamic  assessment was based on measurements of prostate-specific antigen, bone alkaline phosphatase, 
and serum N-telopeptide. 
Safety was also assessed. 
 
Pharmacokinetic studies showed rapid clearance of 223Ra from the vasculature, with a median of 14 % (range 9– 34 
%), 2 % (range 1.6–3.9 %), and 0.5 % (range 0.4–1.0 %) remaining in plasma at the end of infusion, after 4 h, and 
after 24 h, respectively.  
 
Biodistribution studies showed early passage into the small bowel and subsequent fecal excretion with a median of 52 
% of administered 223Ra in the bowel at 24 h. 
 
Urinary excretion was relatively minor (median of 4 % of administered 223Ra). 
Bone retention was prolonged. 
No dose limiting toxicity was observed. 
Pharmacodynamic effects were observed (alkaline phosphatase and serum N-telopeptides) in a significant fraction of 
patients 

Carrasquillo JA, MSKCC 



ES NECESARIA LA  DOSIMETRÍA PERSONALIZADA? 
 
Conocer la dosis administrada a la lesión diana 
 Efecto terapéutico  
 Monitorización terapéutica 
 Decisión de opciones terapéuticas 
 
Conocer la dosis administrada a órganos no diana 
 
 
 
REQUERIMIENTOS: 
 
Perfil de la expresión biológica tumoral 
Biodistribución y farmacocinética 
Farmacodinámica 
Modificación según la respuesta al tto. 
Evolución del fenotipo tumoral 



Ra223 Imaging 
 

Quantitative imaging of 223Ra-chloride for targeted alpha-

emitting radionuclide therapy of bone metastases. 

82 keV 154 keV 270 keV 

Hindorf C. Nucl Med Commun 2012.  



Ra-223 
Biodistribution y fármacocinética 

Se requiere el seguimiento por imágenes de la retención del radiofármaco en las 
lesiones para establecer el tiempo de exposición a la radiación de los tejidos 

144 hours 48 hours 4 hours 

Hindorf C. Nucl Med Commun 2012.  



Valoración de la carga tumoral en función de la diana y el radiofármaco utilizado. 
Relación con la selección de opción terapéutica y estimación de la dosimetría  

99mTc-MDP                      18F-FDG                                18FNa 



Letellier A, Mol Imaging Biol 2017  

Correlation between total [18F]NaF uptake in metastases and 
relative radium-223 uptake on biodistribution scintigraphy. 
(surrogate biomarkers) 



Modificación de la biodistribución de los radiofármacos 
según la respuesta al tto 



The biodistribution, pharmacokinetics, and absorbed doses were 
determined from: 
 
Activity retention measurements in the whole body 
 After injection, before first void 
 1 h and thereafter every 2 h during the first day 
 At least twice daily until discharge 
 96 and 144 h after injection 
 
Individual organs 
 insufficient counting rate to acquire SPECT data 
 WB PLANAR IMAGING: The first scan 0–4 h after injection 
 Subsequent scans were acquired at 24, 48, 96, and 144 h after injection. 
 
Blood 
 Samples were taken before injection; immediately after injection; then at 15, 30, and 45 min 
 and 1, 2, 4, 24, 48, 96, and 144 h after injection. 
 
Urine 
 time periods 0–4, 4–8, 8–24, and 24–48 h after injection 
 
Feces 
 All feces excreted by each patient from injection to approximately 48 h were 
 collected 

Six patients received 2 intravenous injections of 
223Radichloride, 6 wk apart, at 100 kBq/kg of 
whole-body weight 

J Nucl Med 2015 



J Nucl Med 2015 



Dosimetry 
 
Regions of interest were delineated on the images over bone uptake with reference to the 99mTc-
methylene diphosphonate bone scans acquired at pretreatment assessment. Activity in bone was calculated 
as the mean of the activity per unit mass in the right and left legs and skull, to avoid difficulties in 
interpretation due to gut and lesion uptake in the torso. 
The activity in bone was assumed to be distributed on the cortical and trabecular bone surfaces, 
in a ratio relative to the total bone surface (38% on cortical bone surfaces and 62% on trabecular bone) 
The cumulated activity in the gut was derived from regions of interest drawn over the areas of gut uptake 
on the whole-body scans. 
In keeping with ICRP 100, the contribution of the a emission to the gut wall from the contents was taken to 
be 0 
For imaged organs, cumulated activities were calculated by trapezoidal integration. The activity at time 
zero was assumed to equal the activity at the first image. The effective half-life as determined from the last 
2 g-camera images was used for extrapolation from the last measurement to infinity. 
The absorbed doses delivered to normal organs were calculated with Olinda/EXM with an a quality-
weighting factor of 1. 
Patient-specific mass corrections were made to the Olinda S values for the whole body but not for other 
organs because of insufficient anatomic information for accurate mass determination. 
The total absorbed dose to the target region was calculated as the sum of the contributions from all source 
regions and included contributions from the decay of the daughter products of 223Ra. 

J Nucl Med 2015 



J Nucl Med 2015 



J Nucl Med 2015 



9 pts 



There is now a pressing need for larger multicentre trials to investigate the 
dosimetry and to optimize treatment regimens. 
 
There is as yet little evidence for the absorbed doses delivered to metastatic 
deposits throughout the full course of six administrations or that the absorbed 
doses delivered to organs at risk over six administrations remain the same as 
those measured from one or two administrations 

Br J Radiol 2017 







In estimating the local absorbed dose, integral activities rely on accurate detection of the activity distribution 
over time 
Due to the limited spatial resolution of imaging devices, calculations are based on approximations and it is 
important to note that it is not possible to perform the “perfect”  dosimetry study. 
To date, the need for and added value of dosimetry to optimize the therapeutic activity dose 
in the individual patient has been far from self-evident. 
RNT dosimetry has not gained wide acceptance as a clinical tool in the nuclear medicine community because of 
the lack of accuracy and the complexity of time-consuming and costly procedures that potentially impose a 
significant burden on patients and healthcare systems.  
The necessary specialized knowledge and experience required to perform accurate dosimetry studies are not 
available in all clinical centres, potentially limiting the offer to patients. 
A number of clinical studies have completely omitted dosimetry, instead using fixed activities in all patients or 
individualized activity doses based on body weight or body surface area. Indeed, after seven decades of treating 
thyroid cancer patients, international guidelines still do not provide an unequivocal recommendation 
on the amount of radioiodine that should be given. 
For these reasons, rather than seeking similarities to EBRT, it is more appropriate to develop RNT in a similar 
manner to chemotherapeutics, where dose calculation based on body weight or body surface area is common 
practice, independent of the tumour load and metastases. 
The maximum tolerated dose of chemotherapeutics is established during clinical studies. 
In subsequent clinical practice, the level of chemotherapeutic in blood is not checked to investigate the 
biodistribution and delivery to the tumours. 
Official guidelines and recommendations for RNT do not include advanced dosimetric calculations. As in 
chemotherapy, fixed radioactivity doses (with or without visual assessment of pretherapy scans) or activity 
doses based on body weight or body surface area are considered sufficient in clinical practice for the main 
clinical RNT protocols 



In conclusion, although dosimetry is an undisputed aspect of radiopharmaceutical development, its clinical use 
to tailor the administered activity to an individual patient’s needs is less evident. Data in the literature clearly 
and unequivocally establishing the potential of dosimetry to avoid underdosing and overdosing, and to 
standardize RNT methods are very scarce. 
Furthermore, dosimetry is a difficult procedure that is not available everywhere as specialized knowledge and 
experience are required. 
Thus, we must be cautious before transferring complex dosimetry to routine clinical practice, while robust 
scientific justification remains to be established. 
First and foremost, the nuclear medicine community at large has the obligation to prove in prospective and 
randomized trials with adequate methodology, that complex dosimetry-based RNT has clinically relevant 
additional benefits for our patients over the currently used, well-established and very safe empirical 
dosing methods, whether using fixed-activity concepts or simple characteristics such as body weight and 
body surface area. 

Nevertheless, the European Council Directive 2013/59), to be translated into national legislations before 6 
February 2018, stipulates that in medical exposures for radiotherapeutic purposes, including RNT, exposures of 
target volumes shall be individually planned and their delivery appropriately verified. 
 
…Another important factor is represented by radiobiological effects of RNT at the cellular and molecular levels. 
Extrapolations made from EBRT are wrong, due to the fundamental differences in dose rate and the 
mechanisms of DNA damage. In RNT, with its decreasing dose rate, tumour DNA is repaired simultaneously with 
sublethal damage. 
Furthermore, it has recently been reported that sensitivity to low absorbed dose, low dose rate radiation 
displays a genetically induced individual variability 



Los radiofármacos siguen la regulación de las agencias de 
medicamentos 
Las aprobaciones siguen los resultados demostrados en 
ensayos clínicos  
Estos se basan en criterios análogos a los utilizados para la 
aprobación de medicamentos convencionales 
La eficacia y protección del paciente se define en los ensayos 
de seguridad Fase I-II 
El escalado de dosis está determinado por la eficacia y efectos 
adversos 
Las dosis son fijas y se han determinado en función de los 
estudios de seguridad 
No está permitido el cambio de la administración de dosis fuera 
de las indicaciones de la ficha técnica 
 
 

CONSIDERACIONES GENERALES A LA DOSIFICACIÓN PARA EL 
USO CLÍNICO DE LOS RADIOFÁRMACOS TERAPÉUTICOS 



COMENTARIOS 
 
 
La necesidad de saber si se ha tratado adecuadamente cada lesión 
se puede resolver mediante imágenes post terapéuticas del propio 
RF o usando RF diagnósticos subrogados (teranóstico) 
 
Queda por demostrar si la dosimetría personalizada supera en 
eficacia terapéutica a los regímenes de dosis determinadas en los 
EC o permite mejorar la selección y personalización de la terapia de 
forma más eficiente que la actual 
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J Nucl Med 2017  



CONSIDERACIONES FINALES 

Los radiofármacos son medicamentos que requieren del mismo 
procedimiento de aprobación que los fármacos no radiactivos 
 
Los emisores alfa presentan un excelente perfil para tratar muy 
selectivamente las lesiones diana con baja toxicidad a los tejidos sanos 
 
Ra223 es el primer emisor alfa autorizado para el tratamiento del cáncer 
en humanos 
 
Ra223 es seguro y eficaz para el tratamiento del CPRC 
Estan en fase de ensayo pre-clínico o clínico diversos radiofármacos 
marcados con otros radionúclidos alfa y Fases III con Ra223 en 
combinación con otros fármacos o en distinta secuenciación terapéutica 



La dosimetría personalizada es una necesidad clínica para 
determinar la irradiación a las lesiones diana o a los tejidos sanos 
 
Parece muy complejo y poco realista determinar la dosis de 
radiofármaco en base a estudios de farmacocinética y 
famacodinámica aplicados a todos los pacientes 
 
En el proceso de aprobación como medicamento se pueden 
determinar los perfiles dosimétricos genéricos que podrán 
individualizarse tras obtener imágenes  pre y post-terapéuticas 
con los propios emisores alfa o con emisores gamma con la 
misma biodistribución 
 
 

CONSIDERACIONES FINALES 


