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3D-conformal treatments - aim at increase the treatment dose 
to the tumour without increase the dose to healthy tissues. 

Intensity Modulated 
Radiation Therapy  (IMRT) 

Nature Reviews | Cancer

a

b

Stereotactic radiotherapy
Photon multi-field or arc 
radiotherapy that uses external 
coordinates for localization of 
the target. Usually applied to 
relatively small target volumes, 
for example, brain metastases 
or metastases in the body.

Gantry
Part of the treatment machine 
that can be rotated around the 
patient and thereby apply the 
beam from different directions.

Tomotherapy
Type of radiation therapy 
in which radiation is 
delivered slice by slice 
by a rotating beam.

with adaptation of the treatment plan if indicated. This 
is particularly demanding, as the auxiliary equipment 
of particle therapy, in particular in-room imaging, lags 
behind the technology for advanced photon radio-
therapy. Along with advanced calculation methods30, a 
major research effort aims to develop in-room methods 
for validating the position of the Bragg peak in a patient, 
including positron emission tomography (PET) imaging 
to detect positrons originating in tissues irradiated with 
particle beams31,32 or cameras to measure emission of 
prompt γ-rays33. Also, dose calculation accuracy needs 
to be further improved, specifically in terms of deter-
mination of stopping power, that is, the retardation and 
thereby energy loss of the particles owing to interaction 
with matter, from the planning CT — especially for  
cases with surgical or dental implants in which the effect 
of the implant materials on stopping power is often not 
known — and better dose calculation algorithms for 
inhomogeneous tissues34.

Another important issue in the use of particle ther-
apy is the relative biological effectiveness (RBE) of the 
radiation. RBE denotes the ratio of the dose of a refer-
ence beam (photons) to the dose of the treatment beam 
(protons or ions) that leads to the same biological effect. 

For clinically applied proton beams the RBE is usually 
assumed to be 1.1, whereas for heavier ions the RBE is 
higher (for example, 2–3 for carbon ions)35–39. Thus, for 
proton beams the dose dependence of biological effects 
is on average similar to the experience with photon 
beams. However, recent evidence suggests that the RBE 
changes along the beam track with an increase towards 
the end of its range35,40–43, necessitating careful clinical 
observation of tumour control, and especially toxicity to 
normal tissue, at the end of the range. Further research 
in this field and approaches to include these data in radi-
ation treatment planning are necessary. The high RBE 
of heavier ions is caused by their higher linear energy 
transfer (LET), leading to distinct tracks of DNA damage 
through the cell nucleus, which are difficult or impos-
sible to repair44,45. This could be a drawback if DNA 
damage repair is more efficient in normal tissues than 
in tumours, which seems to be the case at least for some 
late effects of radiation46, because clustered lesions are 
expected to be unrepairable and will thus not be affected 
by such differences in repair capacity. On the other hand, 
radiotherapy with heavier ions might be of advantage 
for the treatment of tumours with high cellular repair 
capacity. Another advantage is that DNA damage from 
high-LET beams is less dependent on the presence of 
oxygen, therefore particularly hypoxic tumours might 
be a rational target for heavy ion beams47. Overall, these 
potential advantages of the high RBE of heavy ion 
beams in eradicating tumours must be carefully weighed 
against the potential risk of increased late normal tissue 
damage. Current uncertainties in RBE values for both 
protons and high-LET particles need to be addressed 
urgently by preclinical tumour and normal tissue mod-
els in vivo as well as in clinical studies, comparing dose 
maps with site of recurrence and radiation-induced 
effects on normal tissues in patients treated with parti-
cle beams and patients treated with photons. These data 
can be used to generate RBE models for integration into 
treatment planning algorithms, which can then be tested 
in prospective clinical trials.

Current clinical evidence indicates that particle ther-
apy has advantages over state-of-the-art photon therapy 
in radioresistant tumours in close proximity to organs 
at risk, for example, chordoma or chondrosarcoma at 
the base of the skull or the spinal cord, ocular mela-
noma or paediatric tumours, when it is desired to spare 
growing organs from irradiation48,49. However, for most 
malignancies the superiority of particle therapy has yet 
to be demonstrated in well-designed clinical trials13. For 
protons, the reduction of side effects in normal tissues 
compared with state-of-the-art photon therapy and, 
potentially, dose escalation that in some situations may 
only be possible with protons, are the most promising 
areas for clinical research. For carbon or other heavier 
ions the evaluation of the radiobiological advantages 
of high LET compared with protons or photons is the 
most important scientific question to be answered. 
Overall, the merits of particle therapy compared with 
state-of-the-art high-precision photon therapy tech-
niques or with brachytherapy (in which radioactive 
sources are placed within or in the direct vicinity of 

Figure 1 | Techniques of IMRT. Intensity-modulated radiation therapy (IMRT) is a 

treatment technique in which radiation is delivered from many beam directions (part a). 

Beams are typically shaped with a variable aperture called a multileaf collimator (MLC). 

Beam modulation, which is important especially for the treatment of complex 

convex–concave target volumes, is accomplished by changing the MLC shape 

dynamically at each beam position. In arc beam IMRT (tomotherapy or volumetric 

modulated arc therapy (VMAT)), radiation is delivered while the modulated beam rotates 

continuously around the patient (part b). Images generated with Raystation software 

(RaySearch, Stockholm, Sweden).
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IMRT is a treatment procedure in which the 
radiation is delivered from many beam 

directions 

MCNP6 geometry model of clinical Linac headMCNP6 (Monte-Carlo N-Particle 6) geometry model of 
clinical LINAC (LINear ACcelerator) head



RADIATION FOR 
SCIENCE AND SOCIETY

Radiopharmaceutical Sciences & Health Physics

Workshop C2TN - 11 december 2018

3D-conformal treatments - aim at increase the treatment dose 
to the tumour without increase the dose to healthy tissues. 

Image Guided Radiation 
Therapy  (IGRT) 

IGRT offers advantages of 
accurate targeting of dose to 

the tumor due to the 
verification imaging performed 
using cone beam CT (CBCT) 

procedures

Image quality parameters and MC dose assessment 
with anthropomorphic voxel phantoms and organ dose 

evaluation through physical phantoms with ion 
chambers and thermoluminescence detectors 

Technology-driven improvement of radiation dose conformity to the defined target volume 
• State-of-the-art advanced photon radiotherapy 
• Particle therapy with protons or heavier ions
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Low-dose exposure: Stochastic effects to the anatomic region 
subjected to the imaging dose 

Irradiation phantom

MCF 10A – non-
tumoral breast cells BioQuaRT - Final Dissemination workshop        Barcelona, 22-23 April 2015
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Particle beams - potential for higher dose conformity compared 
with photon beams, with less normal tissue irradiated  

CREATION - Creating a REsearch And Training 
Environment for Advanced ION-particle Therapy 

Ultimate goal: to strengthen and improve scientific 
research and innovation capacity in Medical Physics in 
Portugal, culminating in improved patient care and QoL. 

Project submission 

Aim: To develop and promote research of excellence in 
the filed of proton therapy and research 

Task Force
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Alpha-particles Protons

8 MeV (160 keV/
µm)

3 MeV (23 keV/µm)

10 MeV (90 keV/
µm)20 MeV (37 keV/
µm)

BioQuaRT - Final Dissemination workshop        Barcelona, 22-23 April 2015

Day of  irradiation:

Methodology of  irradiation

Cells are irradiated 

Pattern of  irradiation: 
5 particles per nucleus

Pattern of irradiation:  
5 particles per nucleus 

Microbeam line 

Giesen et al, Nucl Instrum 
Methods Phys Res B, 2004  

8 

Microbeam irradiations 
Ò Performed at PTB (F. Langner, U. Giesen) 

PTB microbeam facility 

Experimental station 

Microscope 
Computer- 

controlled XY-
stage 

Cells 

BioQuaRT - Final Dissemination workshop        Barcelona, 22-23 April 2015
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3 MeV protons - time point: 0.5 h 

Results - 3 MeV Protons

BioQuaRT - Final Dissemination workshop        Barcelona, 22-23 April 2015
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Results - 8 MeV α-particles
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Particle beams - Current important considerations in clinical 
proton radiotherapy 

“Recent evidence suggested that the RBE changes along the beam track with an increase towards the end of 
its range, necessitating careful clinical observation of tumour control, and especially toxicity to normal 
tissue, at the end of the range.” in Radiation oncology in the era of precision medicine, doi:10.1038/nrc.2016.18

Relative Biological Effectiveness (RBE)
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Using the PARTRAC code: 
The biophysical code, PARTRAC allows, by joining track structure calculations with DNA models, the 
prediction of  DNA damage yields and patters for various radiation qualities. 
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Source at 2.25 nm 

Energy limit for electron scattering=30 eV

Fig 5. Number of  ionizations per track hitting the 
center of  the SV. 

Fig 6. Number of  ionizations per track 
hitting the center of  the SV. 

SV: 4.5 nm (diameter and 10 nm (lenght) 

Liquid water 

Source at 2.25 nm 

Energy limit for electron scattering=10 eV

Using the PARTRAC code: 

The biophysical code, PARTRAC allows, by joining track 
structure calculations with DNA models, the prediction of 
DNA damage yields and patters for various radiation qualities. 

• SV: 4.5 nm (diameter) and 
10 nm (lenght) 

• Liquid water 
• Source at 2.25 nm 
• Energy limit for electron 

scattering=10 eV

Figure 6.9: Dose-response curves for RWPE-1 exposed to Co-60 photons (orange) and Am-241 alpha particles
(blue). Errors bars are standard errors.

exposed to 2 Gy were also unusable due to signs of contamination and the culture wells of cells exposed

to 0.5 Gy presented a Survival Fraction (SF) similar to the SF obtained for 1 Gy. Since this is not the

expected behaviour and since the SF for 1 Gy was determined based on an average of 6 wells, we de-

cided to drop the value for 0.5 Gy, using only the data from control (0 Gy), 0.25 and 1 Gy to plot the

dose-response curve for ↵-particles (Figure 6.9, blue line and triangles). The curve shows the character-

istic shape of high-LET radiations (as expected for Am-241 ↵-particles) that could be well fitted with a

normal exponential decay (linear model). The parameter for this function, as well as the parameters of

the LQ model used to fit the photon data, are presented in table 6.3.

As previously mentioned, the goal of this experiment is to determine the Relative Biological Effective-

ness for the Am-241 ↵-particles. In Chapter 3, we mentioned that the RBE is calculated dividing the

dose of photons by the dose of ↵-radiation that result in the same Survival Fraction (SF). Therefore, we

have:

RBE(SF ) =
D

�

(SF
�

= SF )

D
↵

(SF
↵

= SF )
(6.7)

Since we have that

37

the distribution with a threshold of 40 is the one that most closely resembles the expected distribution,

we used it to, once again, find the best parameters of I(k) (figure 6.8) and compare the chi-squared value

with the one obtained for a threshold of 23. Once again, we only plotted values for k  10 since both

the distribution and the fit are zero for greater values. Although for k < 7 the regression line lies outside

the error bars for each point, comparing the chi-squared values, we see that the increase on the intensity

threshold resulted in a new I(k) that better fits the data. This shows that there are still improvements to

do regarding the cleaning of the pool of data of the irradiated cells.

6.2 Part Two: RBE of protons

One of the goals of this thesis was to study the behaviour of normal prostate cells to both �- and proton-

radiation and, in the end, estimate the RBE value for protons for this cell line. However, we faced

problems with shipments, reagents, microbeam and cell cultures that made impossible to fully carry on

the experiment until the end. With no possibility to repeat the experiment for the remaining time of the

internship, we decided to use the Americium-241 source and perform a clonogenic assay for ↵-particles

and calculate the RBE for this type of radiation. As described in the chapter Materials and Methods,

cells were exposed to 0.25, 0.5, 1 and 2 Gy of ↵-particles, at a dose rate of about 43.5 mGy/min and to

0.5, 1, 2, 4, 6 and 10 Gy of photons at a dose rate of about 1.18 Gy/min.

The conventional protocol for clonogenic assays was performed on both experiments ten days after ir-

radiation to evaluate the relative biological effectiveness (RBE) of ↵-particles. Figure 6.9 shows the

survival fraction of RWPE-1 cells as a function of the mean absorbed dose for the two different types of

radiation. Co-60 photons were used as the reference radiation.

For photon-irradiation, we obtained a curve (Figure 6.9, orange squares) with the expected shape for a

sparsely ionizing radiation that could be fairly fitted with the linear quadratic (LQ) model (Figure 6.9,

orange line), resulting in a ↵/� ratio of 76.7±14.9 Gy. Based on our clonogenic assay study of RWPE-1

exposed to photons, we know that the platting efficiency (PE) of this cell line should be between 40%-

60%, however when evaluating our results for the ↵-irradiation, two control culture wells were counted

having 0 and 9 colonies, resulting in a PE of 0% and 18%, respectively. These values are extremely

low and far from what was expected, clearly becoming outliers in our experiment and, therefore, were

not taken into consideration when calculating the PE for the ↵-irradiation. The culture wells with cells

Table 6.3: Fitted models (Linear Quadratic and Linear) and respective parameters

Model Parameters
e�(↵�D+��D

2) ↵
�

= (0.47± 0.01) Gy�1 �
�

= (0.006± 0.001) Gy�2

e�↵D (↵ = 1.13± 0.02) Gy�1
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Microbeam line 

Giesen et al, Nucl Instrum 
Methods Phys Res B, 2004  
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“…so far evidence for improved outcome by integration 
of radiobiological knowledge into treatment strategies 
has been obtained from large cohorts of patients with 
the same type of cancer…” in Radiation oncology in the era of 

precision medicine, doi:10.1038/nrc.2016.18

Biology-driven 
Radiotherapy

Biology-driven Precision 
Radiation Oncology

tailors treatment to individual patients based 
on biological features of the tumour or normal 

tissues beyond anatomical information 
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Within a single tumour, different regions can have 
different radiosensitivity, dependent on: 

• tumour microenvironment 
• inhomogeneous distribution of cancer stem cells 
• specific genetic or molecular alterations

are not dependent on targeting specific features of 
tumour cells in individual patients but can to a large 
extent work with different radiation doses or fraction-
ation schedules. Therefore, radiation oncology has 
considerable potential for showcasing personalized 
precision oncology.

Examples of radiobiology-associated biomarkers for 
tumour response are listed and explained in TABLE 1. One 
example of this approach is provided by retrospective 
and prospective trials within the Radiooncology Group 
of the German Cancer Consortium (FIG. 5b). Patients 
receiving either primary or postoperative radiochemo-
therapy for HNSCC could be stratified according to 
human papillomavirus (HPV) status with HPV-positive 
patients in the postoperative setting having a very low 
risk of locoregional recurrence128. Patients in this group 
are potential candidates for de-escalation of the radi-
ation dose. However, in the HPV-negative group, sub-
sets of patients with excellent prognosis could also be 
identified by low stem cell markers and low hypoxia pro-
files129. The remaining patients have a very high risk of 

local recurrence and are candidates for intensification 
of treatment. In contrast to the postoperative setting, in 
which only a few remaining tumour cells are expected, 
primary radiochemotherapy tumour volume is expected 
to correlate with the number of cancer stem cells3,103 and 
is an important parameter indicating the risk of local 
failure130. Also here, the individual risks could be further 
stratified by, for example, HPV status, stem cell mark-
ers and hypoxia (either by molecular hypoxia profiles 
or by hypoxia PET imaging). Radiogenomics, that is, 
genomics predicting radiotherapy response, uses both 
hypothesis-driven approaches for examples based on 
radiobiological knowledge as described above, or data-
driven approaches based on the screening of genetic 
changes, and association with radiotherapy response of 
the tumour or normal tissues40,72,131–133.

An important challenge is that biomarker infor-
mation can change during treatment, for example, the 
location and size of hypoxic tumour subvolumes or 
other tracer accumulation in PET diagnostics134–136 
or expression of cell surface markers such as epidermal 

Table 1 | Examples of biomarkers in radiation oncology

Cause of 
radioresistance

Mechanism Candidate biomarkers Current status Intervention to be 
evaluated

Number of CSCs Surviving CSCs determine 

tumour recurrences; higher CSC 

number needs a higher radiation 

dose to cure the tumour3

• Surrogate parameter: tumour 

volume

• CSC density: staining of putative 

CSC markers (note: markers are 

not usually specific to CSCs)

• Tumour volume: shown 

in several preclinical and 

clinical studies101,102,196–203

• Putative CSC markers: 

heterogeneous mostly 

retrospective data; few 

high-quality data

Higher radiation dose to 

CSC-rich tumours

Intrinsic 

radiosensitivity

Intertumoural heterogeneity 

of intrinsic radiosensitivity 

(radiation dose necessary 

to reach the same effect on 

clonogenic cell survival or 

tumour cure if all other factors 

are stable) between different 

histologies but also within one 

histology204–206

Measures all cancer cells (not 

selective to CSCs): residual γH2AX 

foci in fresh biopsies; DNA repair 

assays in fresh tissue

Preclinical in vivo 

evidence, evaluation in 

patients ongoing207–212

Higher radiation 

dose and/or specific 

intervention into DNA 

repair mechanisms

HPV status Higher radiosensitivity of 

HPV-positive oropharyngeal 

cancer (also anal 

cancer)128,150,213,214 and preclinical 

evidence for lower DNA repair 

capacity in HPV-positive 

HNSCC215*

HPV16 DNA and p16 protein 

expression in paraffin-embedded 

tumour tissue

High level of evidence in 

HNSCC128,150,178,179,214,216, 

217, fewer data in other 

tumour entities

Treatment de-escalation 

in HPV-positive tumours 

without other risk factors

Hypoxia Higher radiosensitivity of 

normoxic compared with 

hypoxic cells is most likely due 

to fixation of reactive oxygen 

species under normoxic 

conditions99,134,218–220

PET (for example, FMISO, FAZA)221; 

hypoxia-specific gene arrays152,153; 

staining of tumours, for example, 

after injection of pimonidazole222 

and invasive measurement of 

oxygen partial pressure220,223–226

High level of evidence 

especially in HNSCC112,138 

Increase of radiation 

dose to hypoxic 

subvolumes or to whole 

tumour90,165; hypoxic 

cell sensitization110; 

carbogen breathing227; 

pharmacological 

reduction of oxygen 

consumption88

Repopulation Accelerated growth or reduced 

cell loss of surviving CSCs 

between irradiation fractions; 

seems to be associated with 

EGFR expression in CSCs156,228,229

Only surrogate markers: correlation 

of reduced tumour control with 

increased overall treatment time230 

or immunohistochemical EGFR 

expression

High level of evidence for 

HNSCC and NSCLC and 

also good data for cancer 

of the uterine cervix and 

small cell lung cancer231

Shortening overall 

treatment time by 

application of >10 Gy 

per week109

Cited references are examples or reviews covering the topic. CSC, cancer stem cell; EGFR, epidermal growth factor receptor; FAZA, [18F]fluoroazomycin 

arabinoside; FMISO, [18F]fluoromisonidazole; γH2AX, phosphorylated histone H2AX; HNSCC, head and neck squamous cell carcinoma; HPV, human papillomavirus; 

NSCLC, non-small-cell lung cancer. *There are probably other as yet unknown mechanisms.
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Within a single tumour, different regions can have 
different radiosensitivity, dependent on: 

• tumour microenvironment 
• inhomogeneous distribution of cancer stem cells 
• specific genetic or molecular alterations

biomarker assays that predict tre
atment outcome are clearly needed

are not dependent on targeting specific features of 
tumour cells in individual patients but can to a large 
extent work with different radiation doses or fraction-
ation schedules. Therefore, radiation oncology has 
considerable potential for showcasing personalized 
precision oncology.

Examples of radiobiology-associated biomarkers for 
tumour response are listed and explained in TABLE 1. One 
example of this approach is provided by retrospective 
and prospective trials within the Radiooncology Group 
of the German Cancer Consortium (FIG. 5b). Patients 
receiving either primary or postoperative radiochemo-
therapy for HNSCC could be stratified according to 
human papillomavirus (HPV) status with HPV-positive 
patients in the postoperative setting having a very low 
risk of locoregional recurrence128. Patients in this group 
are potential candidates for de-escalation of the radi-
ation dose. However, in the HPV-negative group, sub-
sets of patients with excellent prognosis could also be 
identified by low stem cell markers and low hypoxia pro-
files129. The remaining patients have a very high risk of 

local recurrence and are candidates for intensification 
of treatment. In contrast to the postoperative setting, in 
which only a few remaining tumour cells are expected, 
primary radiochemotherapy tumour volume is expected 
to correlate with the number of cancer stem cells3,103 and 
is an important parameter indicating the risk of local 
failure130. Also here, the individual risks could be further 
stratified by, for example, HPV status, stem cell mark-
ers and hypoxia (either by molecular hypoxia profiles 
or by hypoxia PET imaging). Radiogenomics, that is, 
genomics predicting radiotherapy response, uses both 
hypothesis-driven approaches for examples based on 
radiobiological knowledge as described above, or data-
driven approaches based on the screening of genetic 
changes, and association with radiotherapy response of 
the tumour or normal tissues40,72,131–133.

An important challenge is that biomarker infor-
mation can change during treatment, for example, the 
location and size of hypoxic tumour subvolumes or 
other tracer accumulation in PET diagnostics134–136 
or expression of cell surface markers such as epidermal 

Table 1 | Examples of biomarkers in radiation oncology

Cause of 
radioresistance

Mechanism Candidate biomarkers Current status Intervention to be 
evaluated

Number of CSCs Surviving CSCs determine 

tumour recurrences; higher CSC 

number needs a higher radiation 

dose to cure the tumour3

• Surrogate parameter: tumour 

volume

• CSC density: staining of putative 

CSC markers (note: markers are 

not usually specific to CSCs)

• Tumour volume: shown 

in several preclinical and 

clinical studies101,102,196–203

• Putative CSC markers: 

heterogeneous mostly 

retrospective data; few 

high-quality data

Higher radiation dose to 

CSC-rich tumours

Intrinsic 

radiosensitivity

Intertumoural heterogeneity 

of intrinsic radiosensitivity 

(radiation dose necessary 

to reach the same effect on 

clonogenic cell survival or 

tumour cure if all other factors 

are stable) between different 

histologies but also within one 

histology204–206

Measures all cancer cells (not 

selective to CSCs): residual γH2AX 

foci in fresh biopsies; DNA repair 

assays in fresh tissue

Preclinical in vivo 

evidence, evaluation in 

patients ongoing207–212

Higher radiation 

dose and/or specific 

intervention into DNA 

repair mechanisms

HPV status Higher radiosensitivity of 

HPV-positive oropharyngeal 

cancer (also anal 

cancer)128,150,213,214 and preclinical 

evidence for lower DNA repair 

capacity in HPV-positive 

HNSCC215*

HPV16 DNA and p16 protein 

expression in paraffin-embedded 

tumour tissue

High level of evidence in 

HNSCC128,150,178,179,214,216, 

217, fewer data in other 

tumour entities

Treatment de-escalation 

in HPV-positive tumours 

without other risk factors

Hypoxia Higher radiosensitivity of 

normoxic compared with 

hypoxic cells is most likely due 

to fixation of reactive oxygen 

species under normoxic 

conditions99,134,218–220

PET (for example, FMISO, FAZA)221; 

hypoxia-specific gene arrays152,153; 

staining of tumours, for example, 

after injection of pimonidazole222 

and invasive measurement of 

oxygen partial pressure220,223–226

High level of evidence 

especially in HNSCC112,138 

Increase of radiation 

dose to hypoxic 

subvolumes or to whole 

tumour90,165; hypoxic 

cell sensitization110; 

carbogen breathing227; 

pharmacological 

reduction of oxygen 

consumption88

Repopulation Accelerated growth or reduced 

cell loss of surviving CSCs 

between irradiation fractions; 

seems to be associated with 

EGFR expression in CSCs156,228,229

Only surrogate markers: correlation 

of reduced tumour control with 

increased overall treatment time230 

or immunohistochemical EGFR 

expression

High level of evidence for 

HNSCC and NSCLC and 

also good data for cancer 

of the uterine cervix and 

small cell lung cancer231

Shortening overall 

treatment time by 

application of >10 Gy 

per week109

Cited references are examples or reviews covering the topic. CSC, cancer stem cell; EGFR, epidermal growth factor receptor; FAZA, [18F]fluoroazomycin 

arabinoside; FMISO, [18F]fluoromisonidazole; γH2AX, phosphorylated histone H2AX; HNSCC, head and neck squamous cell carcinoma; HPV, human papillomavirus; 

NSCLC, non-small-cell lung cancer. *There are probably other as yet unknown mechanisms.
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Radiobiological characterization of 64CuCl2 as a simple tool for Prostate Cancer 
Theranostics

Using a panel of PCa cell lines in 
comparison with a non-tumoral prostate 

cell line, we combined cytogenetic 
approaches with radiocytotoxicity assays 

to obtain significant insights into the 
cellular consequences of exposure to 

64CuCl2. 
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99mTc - labeled Acridine Orange derivatives acting as DNA intercalators

PRS2017, 27th September 2017, IST 
3C-Linker 5C-Linker 8C-Linker

Molecular	Docking	

Target	DNA	sequence:	ds(ACGTACGT)2	

3C-Linker 5C-Linker 8C-Linker

125I-derivaAves	

99mTc-derivaAves	(top	view)	

125I-5C:	10.49	Å		
99mTc-3C:	10.80	Å		

I-125 derivates 

3C-Linker 5C-Linker 8C-Linker

Molecular	Docking	

Target	DNA	sequence:	ds(ACGTACGT)2	

3C-Linker 5C-Linker 8C-Linker

125I-derivaAves	

99mTc-derivaAves	(top	view)	

125I-5C:	10.49	Å		
99mTc-3C:	10.80	Å		Tc99m derivates (top view) 

• knowledge on the binding mode of  the AO derivates at an atomistic level 
• evaluate the effect of  the side chain length on the distance between the 

DNA helical axis and the radionuclide  

Docking studies showed: 
• upon intercalation of  the AO moiety, the radionuclide (125I or 99mTc) is positioned at variable distances 

from the DNA helicoidal axis 

• For the same linker (C3, C5 or C8), 125I is closer to the DNA axis than 99mTc, which reflects the presence 

of  a bulkier bifunctional chelator coordinated to the radiometal.

Methods / Results
Docking Studies - 

Molecular modeling 

PRS2017, 27th September 2017, IST 
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MCNP6 results

• steep variation of  the deposited energy as function of  the DNA distance for both 

radionuclides, suggesting the existence of  a critical distance, from which the direct 

effects stop being effective. 

•

Methods / Results
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Cross-fertilization of biology and technology

Approach: Dose Painting - spatial optimisation of dose within the tumour target 
volume based on tumour areas that are more proliferative or metabolic or potentially 
resistant to radiotherapy, and which therefore require more dose. 

Example:  
• Fluorodeoxyglucose (FDG) PET imaging

Needs from technology:  
• High-level imaging and software - enabling the 

determinations of radiation dose dependence

Needs from biology:  
• Biomarkers that correlate adaptive changes 

during treatments and toxicities
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Individual Patient Dosimetry

Cross-fertilization of biology and technology
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Improving biomimetic models based on 
very specific physiology and anatomy of 

paediatric patients 

Nuclear Medicine and Internal Dosimetry 
Pediatric Exposure

Individual Patient Dosimetry
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Thank you!! 


