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Despite the important development of  RT in the last  decades 
 
n  There are radioresistant tumors, like gliomas, for which  
    there is no effective treatment 
 
n  The treatment of pediatric cancers is very limited  
     due to serious complications in the development of 
     the child 
 
n  The management of  tumors close to an organ at risk, like the spinal cord, is 

also very restricted 
 
n  There is still a non negligible risk of secondary cancers in some treatments 
 
 
    MAJOR LIMITATION of RT: high morbidity of the nearby healthy tissues 
 
 



Radiation Therapy 

Physical dose  
 

Biological dose 

Biological effect  

• Type of radiation γ, α, β, p, 12C 
• Energy of the beam 
• Delivery mode:  
    -dose rate 
    -spatial/temporal fractionation-field sizes   
    -etc. 



The importance of field size: dose-volume effects 

 The smaller the field size, the higher the tolerance of the healthy tissues  

 
 
 

 

      Zeman et al., Science (1959)   Hopewell et al., Radioth. Oncol. (2000) 

Ø The stem-cell depletion hypothesisà for each organ it exits a limiting critical 
volume, which can be repopulated by a single surviving stem cell and for which 
damage can be repaired by repopulation (Yaes & Kalend, 1988; Yaes et al, 
1988).  

Spinal cord Brain  



Spatial fractionation of the dose 

Spatially fractionated RT synchrotron tecnhiques 
Spatially fractionated RT synchrotron tecnhiques 

Spatial fractionation  
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Spatial fractionation of the dose 

Spatially fractionated RT synchrotron tecnhiques 
Spatially fractionated RT synchrotron tecnhiques 

Spatially fractionated RT synchrotron tecnhiques 

Conventional  RT 



 
q Dose-volume effects à exponential increase of healthy 

tissue tolerances 
 
q  Spatial fractionationàgain in healthy tissue recovery à 

increase of healthy tissue tolerances 
 
 
 100 % 

Tumor Control 
Probability  Normal Tissue 

Complication  
Probability  

Dose 

Preclinical 
studies  



MBRT: a promising RT technique   

 
 
 
 

Doses as high as 100 Gy in one session are still tolerated by the rat brain 
in comparison with 30 Gy in hospital RT.  
                                                              Y. Prezado et al., paper in preparation 
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1. Extremely high resistance of healthy rat brain to MBRT 

2. Increase of lifespan of glioma bearing rats after MBRT 

A factor 3 increase in mean  
survival time 

Y. Prezado et al. Enhancement of 
lifespan of glioma bearing rats after 
MBRT, J. Synchr. Radiat. 2012 

3. It can be potentially transferred outside synchrotron sources with a 
cost-effective equipment  (Project  Physics for Cancer) 



Differential effect tumor/healthy tissues  
 
q   It is possible to ablate gliomas without killing all tumoral cells.  Spatial 
fractionation of the dose might  involve other mechanisms than a direct ionizing 
radiation effects on tumoral cells like : 
     - poor regenerative capacity of tumoral  vessels after radiation exposure 
     - abscopal effects 
 
 

 
 

q Valley doses :  the main responsible of  healthy tissue  sparing     

To guarantee the repair mechanisms 
the valley dose should remain below 
the tolerances for each type of tissue 

for broad beam irradiation 

Peak-to-Valley Dose Ratio PVDR = 
Peak dose 

Valley dose 

  high for tissue sparing  



Radiation Therapy 

Physical dose  
 

Biological dose 

Biological effect  

• Type of radiation γ, α, β, p, 12C 
• Energy of the beam 
• Delivery mode:  
    -dose rate 
    -spatial/temporal fractionation-field sizes   
    -etc. 



Proton-minibeam radiation therapy: a proof of concept 

    Spatial fractionation of the dose 
 
 
 
 
 
 
 
 
 
 

  

Principles of spatially fractionated radiotherapy

April 3rd , 2013

Following the principle of spatially fractionation of the dose, MBRT was proposed as an 
extension of Microbeam Radiation Therapy (MRT) method.

MRT : 25 to 100 µm width, 100 to 200 µm c-t-c distance
MBRT : 500 to 700 µm width, 1000 to 3500 µm c-t-c distance

10 / 51

  

Fundamentals of hadrontherapy

April 3rd , 201314 / 51

Durante and Loeffler Nat. Rev. Clin. Oncol. 7, 37–43 (2010)

BRAGG PEAKBRAGG PEAK

SPREAD OUT BRAGG PEAKSPREAD OUT BRAGG PEAK

- passive method
- active method

Selective energy deposition of protons 
 
 

+ 

Monte Carlo simulations (GATE)  
 
-Water cylinder (16 cm diameter/ 16 cm height) 
 
-Proton-minibeams:  -700 µm wide  
 
-1400, 2800, 3500 µm  center-to-center (c-t-c)  distance 
 
 



-Beam energy: 105 MeV and 1 GeV (PNPI  Saint Petersbourg) 
 
-Tumor center at 8 cm. 
 
-Covering an area of 2 x 2 cm2 

 
-Mechanical collimation: 5 cm thick brass block (105 MeV) 
                                  70 cm thick lead block (1 GeV) 
 
 Magnetic shaping of the beam by using several sets of quadrupoles magnets 
 
-Realistic beam divergence (3 mrad) and spot size 3 mm FWHM.   
 

Figure of merit:  Peak-to-valley dose ratio (PVDR) & penumbras 
 
 
For healthy tissue sparing à high PVDR  
                                         narrow penumbras 
  



  Dose distributions: percentage depth dose curves 

105 MeV pMBRT   1 GeV pMBRT 

X-ray MBRT 



Dose distributions: lateral dose profiles 
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FIG. 3. Lateral dose profiles at 3 cm (upper row) and 5 cm (lower row) depth for an array of proton minibeams of 105 MeV (left) and 1 GeV (right) beam
energy. Since the lateral scattering is more relevant at low energies, the peak and valleys pattern degrades more rapidly as a function of depth in the case of the
105 MeV beam.

penumbras, and a significant increase of the scattered radia-
tion and secondary products resulting from the interactions of
the primary protons with the collimator. The neutron yields
in the collimator are 0.21 and 0.46 and for the 105 MeV
and 1 GeV beams, respectively. The second effect will sig-
nificantly contribute to the off-field areas (valleys), degrading
the PVDR. This has been verified by means of simulations
in which all the protons which interacted with the collimator
and their products were forced to be totally absorbed in it. By
doing so PVDR values similar to the ones obtained in the ab-
sence of collimator and divergence were obtained. The only
exception to the reduction in PVDR values is the case of the
105 MeV beam and 1.4 mm c-t-c. The reason for that is that
in the case of this energy and this small c-t-c the valleys are
still very influenced by the penumbras, reduced in this case
in comparison with the magnetic shaping of the beam. In all
the other cases, the PVDR are lower when using a mechanical
collimation instead of a set of quadrupoles.

For c-t-c distances larger than or equal to 2.8 mm and mag-
netic shaping of the beam, PVDR values are much higher for
a beam energy of 105 MeV than for the high energy beam
in the first two centimeters. However, they degrade rapidly
due to the high lateral scattering that feeds the valleys. For
the low beam energy, the only suitable configuration is a c-t-c

distance of 3.5 mm for the two types of minibeam generation
considered. Very high PVDR values are reached in the first
5 cm, higher or comparable to x-rays MBRT. Values compa-
rable to GRID therapy are achieved for depths from 6 to 7 cm.
A quasihomogeneos dose distribution is obtained close to the
target (at 8.2 cm depth). The dose is negligible after the Bragg
Peak (8.2 cm), in contrast to x-rays MBRT and GRID therapy.
Another advantage is that a quasihomogenos dose distribu-
tion is obtained in the target with only one array. Interlacing
of several arrays is not needed which simplifies the technical
requirements.

In the case of a 1 GeV proton beam, a c-t-c distance of
1.4 mm already offers almost identical values than x-rays
MBRT up to the target position (8.2 cm) (Ref. 46) in the case
of magnetic shaping of the minibeam. However, after 8.5 cm
PVDR degrade reaching values of less than 2 at 13 cm. Since
the peak dose is non-negligible at any depth (see Fig. 2), the
valley doses will be high and this c-t-c offers no benefit in
tissue sparing. The other two configurations, 2.8 and 3.5 mm
c-t-c, provide even higher PVDR values than x-rays MBRT
(mean energy around 100 keV) (Ref. 46) at any depth. There-
fore, a net gain in tissue sparing could be expected.

In addition, as it has been explained in the introduction,
an interlaced geometry may be used to increase the dose in

Medical Physics, Vol. 40, No. 3, March 2013
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FIG. 3. Lateral dose profiles at 3 cm (upper row) and 5 cm (lower row) depth for an array of proton minibeams of 105 MeV (left) and 1 GeV (right) beam
energy. Since the lateral scattering is more relevant at low energies, the peak and valleys pattern degrades more rapidly as a function of depth in the case of the
105 MeV beam.

penumbras, and a significant increase of the scattered radia-
tion and secondary products resulting from the interactions of
the primary protons with the collimator. The neutron yields
in the collimator are 0.21 and 0.46 and for the 105 MeV
and 1 GeV beams, respectively. The second effect will sig-
nificantly contribute to the off-field areas (valleys), degrading
the PVDR. This has been verified by means of simulations
in which all the protons which interacted with the collimator
and their products were forced to be totally absorbed in it. By
doing so PVDR values similar to the ones obtained in the ab-
sence of collimator and divergence were obtained. The only
exception to the reduction in PVDR values is the case of the
105 MeV beam and 1.4 mm c-t-c. The reason for that is that
in the case of this energy and this small c-t-c the valleys are
still very influenced by the penumbras, reduced in this case
in comparison with the magnetic shaping of the beam. In all
the other cases, the PVDR are lower when using a mechanical
collimation instead of a set of quadrupoles.

For c-t-c distances larger than or equal to 2.8 mm and mag-
netic shaping of the beam, PVDR values are much higher for
a beam energy of 105 MeV than for the high energy beam
in the first two centimeters. However, they degrade rapidly
due to the high lateral scattering that feeds the valleys. For
the low beam energy, the only suitable configuration is a c-t-c

distance of 3.5 mm for the two types of minibeam generation
considered. Very high PVDR values are reached in the first
5 cm, higher or comparable to x-rays MBRT. Values compa-
rable to GRID therapy are achieved for depths from 6 to 7 cm.
A quasihomogeneos dose distribution is obtained close to the
target (at 8.2 cm depth). The dose is negligible after the Bragg
Peak (8.2 cm), in contrast to x-rays MBRT and GRID therapy.
Another advantage is that a quasihomogenos dose distribu-
tion is obtained in the target with only one array. Interlacing
of several arrays is not needed which simplifies the technical
requirements.

In the case of a 1 GeV proton beam, a c-t-c distance of
1.4 mm already offers almost identical values than x-rays
MBRT up to the target position (8.2 cm) (Ref. 46) in the case
of magnetic shaping of the minibeam. However, after 8.5 cm
PVDR degrade reaching values of less than 2 at 13 cm. Since
the peak dose is non-negligible at any depth (see Fig. 2), the
valley doses will be high and this c-t-c offers no benefit in
tissue sparing. The other two configurations, 2.8 and 3.5 mm
c-t-c, provide even higher PVDR values than x-rays MBRT
(mean energy around 100 keV) (Ref. 46) at any depth. There-
fore, a net gain in tissue sparing could be expected.

In addition, as it has been explained in the introduction,
an interlaced geometry may be used to increase the dose in
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Lateral dose profiles: PVDR  

105 MeV pMBRT, c-t-c 3.5 mm 

Depth (cm) Magnetic coll. 

1 162 ± 8 

3 53 ± 3 

5 11 ± 0.6 

7 1.9 ± 0.1 

8.2  1.22 ± 0.06 

      PVDR promising results. Biological experiments warranted. 
 
Y. Prezado and G. Fois, Proton-minibeam radiation therapy: a proof of concept, 
 Med. Phys. 2013 
  

Mechanical coll.  

15.6 ± 0.8 

14.8 ± 0.7 

6.5 ± 0.3 

1.55 ± 0.08 

1.07 ± 0.05 

X-rays MBRT 

10.1 ± 0.5 

8.4 ± 0.4 

7.4 ± 0.4 

7.1 ± 0.4 

6.8 ± 0.3 



 
 
 
 
 

Lateral dose profiles: PVDR  

1 GeV pMBRT, c-t-c 3.5 mm 

Depth (cm) Magnetic coll. 

1 41 ± 2 

3 27.0 ± 1.3 

5 26.4 ± 1.2 

7 23.8 ± 1.1 

8.2  22.8 ± 0.9 

      PVDR promising results. Biological experiments warranted. 
 
Y. Prezado and G. Fois, Proton-minibeam radiation therapy: a proof of concept, 
 Med. Phys. 2013 
  

Mechanical coll.  

23.3 ± 1.1 

16.7 ± 0.8 

16.6 ± 0.8 

16.3 ± 0.8 

15.2 ± 0.7 

X-rays MBRT 

10.1 ± 0.5 

8.4 ± 0.4 

7.4 ± 0.4 

7.1 ± 0.4 

6.8 ± 0.3 



Interlaced minibeams (1 GeV) 
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FIG. 4. Dose profile at 8.2 cm depth for three interlaced minibeam arrays
with a c-t-c distance of 2.8 mm.

the target. In particular, in the 2.8 and 3.5 mm c-t-c configu-
rations, three and four arrays, respectively, can be interlaced
in the target. Figure 4 shows the dose profiles at 8.2 cm for
three interlaced arrays of 2.8 mm c-t-c and magnetic shaping.
Four interlaced arrays of 3.5 mm c-t-c provide the same dose
profile. The result is that the healthy tissues benefit from the
spatial fractionation of the dose with high PVDR (Table III),
while a homogenos dose distribution (PVDR = 1) is obtained
in the target.

In radiosurgery (including treatment of non-cancer dis-
eases like epilepsy), a narrow beam penumbra, is desirable
for producing steep dose fall-off between the target volume
and adjacent critical structures. In conventional RS, the sma-
llest penumbras (3−5 mm) are obtained with Gamma Knife
(GK).28 In synchrotron x-rays, MBRT penumbras of only
20 µm have been reported.47 In order to assess the possible
advantages of pMBRT for RS, the penumbra values for the
two energies and the two methods for minibeam generation
as a function of depth were calculated and they are presented
in Table IV. For both energies, there is a net reduction in
penumbra with respect to GK, specially for 1 GeV. This is
in agreement with the work of Jäkel et al.,50 which shows that
the penumbras of clinical proton beams (80−200 MeV, ap-
proximately) are smaller than those of photons for the depths
considered in this study (up to 16 cm). In the case of the
1 GeV beam, the penumbras are smaller than the ones re-

TABLE IV. Penumbra values for the two proton energies studied: 105 MeV
and 1 GeV.

Depth Penumbra 105 MeV (µm) Penumbra 1 GeV (µm) GK
(cm) Magnetic Mechanical Magnetic Mechanical (µm)

1 492 ± 25 212 ± 11 459 ± 23 261 ± 13 3444 ± 172
3 588 ± 29 484 ± 24 461 ± 23 301 ± 15 3596 ± 179
5 920 ± 46 905 ± 45 480 ± 24 310 ± 15 3640 ± 180
7 1343 ± 67 1228 ± 61 519 ± 26 340 ± 17 3648 ± 180
8.2 1705 ± 85 1628 ± 81 585 ± 29 385 ± 19 3670 ± 183
13 NA NA 658 ± 33 509 ± 25 3872 ± 194
15 NA NA 756 ± 38 635 ± 32 4077 ± 204

Medical Physics, Vol. 40, No. 3, March 2013

Penumbra values 

Significantly narrower than in Gammaknife radiosurgery 



Conclusions 
 

Promising dose distributions for healthy tissue sparing 
 
-1 GeV beamsà very low penumbrasàideal for radiosurgery 
-105 MeVà not need for interlacing 
-Magnetic shaping à higher penumbras than mechanical collimator 
but lower neutron yield 
 
Biological experiments warranted 
 
Perspectives: technical implementation at CPO (Orsay) 
 
 

Challenge: small field dosimetry for protons 
 



Thanks for you attention 
 
 prezado@imnc.in2p3.fr 


