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Background: Intra operative radiation therapy (IORT) is a cancer treatment modality combining surgery 
and radiation therapy that permits the delivery of a large single dose of radiation at the time of the tumour 
resection. During the last years, IORT has become a widespread technique in clinical routine. This was 
possible thanks to the recent development of small dedicated, and hence very flexible, electron accelerators 
suitable for a surgical operation environment. However, the electron beams produced by these dedicated 
linacs are different with respect to those produced by linacs used in conventional radiation therapy in terms 
of dose rate (dose delivered/time of irradiation), dose per pulse (dose delivered per emitted beam pulse) and 
energy spectrum. In particular the very high dose rate and dose per pulse (i.e., respectively about 20 and  
100 times greater than those of conventional radiation therapy) pose some radiobiological questions that 
have not yet been fully investigated. The aim of this work was to evaluate the relative biological effectiveness 
(RBE) of the IORT beams through the experimental construction of dose-response curves for cell survival.
Methods: Since breast cancer represents the elective malignancy for treatment by IORT, clonogenic 
survival was assayed in the MCF-7 cell line from breast tissue malignant adenocarcinoma as a function of 
dose for different dose rates (5, 25 and 75 Gy/min) and doses per pulse (4.2 and 7.4 cGy/pulse). Irradiations 
were performed at the IORT accelerator Novac7 (Hitesys SpA, Italy) delivering electrons at the nominal 
energy of 7 MeV. For comparison, irradiations were also carried out with a conventional radiotherapy 
accelerator (ClinacR DHX, Varian), providing a 6 MeV pulsed electron beam and 6 MV X-rays (dose rate 
and dose-per-pulse 2 Gy/min and 0.1 cGy/pulse respectively) as reference irradiations.
Results: The IORT beam effectiveness was found almost the same with varying dose rate (5, 25 and  
75 Gy/min) and dose per pulse (4.2 and 7.4 cGy/pulse). No significant difference was also found between 
IORT and conventional electron beams, while 6 MV X-rays (beam used in the conventional treatment of 
breast cancer) proved to be more effective. 
Conclusions: Data show that cell killing effectiveness of the electron beams from the IORT accelerator 
does not differ significantly from that of an electron beam used in conventional radiotherapy. This suggests 
that changes in the dose rate and dose per pulse, up to the values of 75 Gy/min and 7.4 cGy/pulse, do not 
affect the radiobiological characteristics of the beam. In the light of our results, new experimental data are 
needed to better compare the RBE of a IORT breast cancer treatment (5–9 MeV electron beams, 21 Gy at 
the 90% isodose level in single fraction) and the RBE of a conventional breast cancer treatment (6 MV X-rays, 
2 Gy per fraction, 30 fractions). 
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Introduction

IORT is a cancer treatment modality in which a large 
radiation dose is delivered to the target volume in a 
single fraction at the time of the surgical resection of the 
tumour. It allows for tumour bed sterilization or for a 
direct irradiation of the tumour, when it cannot be entirely 
resected. Recently, a renewed interest on this technique, 
which was proposed for the first time at the beginning of 
last century (1), has grown following the development of 
dedicated small linear accelerators that can be placed in 
the operating theatre and easily moved from one room to 
another. Hence, treatments are made possible in a delicate 
environment, such as a sterilised room, coping at the same 
time with the radioprotection aspects concerning the 
medical staff. Consequently, a notable increase in terms 
of number of treated patients, new clinical protocols and 
scientific publications has ensued (2).

IORT rationale, technique and some radiobiological 
aspects related mainly to its peculiarity to deliver the entire 
treatment in a single large dose have been discussed in detail 
in some review papers (3-6). Briefly, the advantages of such 
a technique with respect to the conventional radiotherapy 
(irradiation with external beams and with fractionated doses) 
can be mainly summarized as follow: potential improvement 
of the tumour local control, reduced absorbed dose delivered 
to normal tissues, a gain in the therapeutic ratio, namely the 
index for tumour response for a fixed level of normal tissue 
damage. Furthermore, prolonged radiation treatments can 
be avoided after surgery. This is accomplished by defining 
the treatment target once in the surgical room and by the 
possibility of directly displacing or shielding healthy tissues 
hence achieving a well-conformed irradiation.

The very high dose rate allows for treatments to be 
completed within a few tens of seconds (a total dose of 
about 20 Gy is delivered in approximately 1 minute), which 
is a very important feature as anesthetized patients are 
treated. The beams produced by dedicated accelerators are 
characterizes by a high entrance dose and a low photon 
contamination, resulting in a good coverage of the target 
(typically, for an IORT treatment, the target begins 
at the surface of the patient), and in a reduced dose to 

healthy tissue behind the target. In the case of the Novac7 
accelerator (Hitesys SpA, Italy), for example, the entrance 
dose is around 90% and the photon contamination less than 
1% (7).

The main limit of the IORT resides in the impossibility 
to develop a plan before the treatment itself. Since the 
target volume is defined directly in the operating theatre, 
just before the irradiation, the electron beam energy, the 
beam collimator, named “applicator”, and the total dose 
have to be chosen at that very moment of the surgery to 
ensure the best target dose distribution.

The calculation of the monitor units needed to deliver 
the prescribed dose to the patient is based on measurements 
performed in reference conditions, according to (8). The 
only commercial treatment planning system dedicated to 
the IORT (9) is based merely on the CT images of the 
patient acquired in the preparatory phase (pre-surgery), and 
its use is limited given the morphology changes of the tissue 
to be irradiated resulting from the surgical operation. For 
this reason, dosimetry in reference conditions assumes a 
crucial role.

Concerning the biological effects due to dose rates, they 
have been clearly assessed in the range (0.01–10) Gy/min in 
terms of repair of sub-lethal damage (10). At higher dose rate, 
some pioneering studies in the 1960s (11,12) showed some 
reduced biological effect due to the high dose rate, which 
could be explained with oxygen consumption by radiation 
and the important free radical formation due to the high 
dose rate giving rise to a probable recombination. Nias et al. 
showed instead no differences in radiosensitivity of HeLa 
cells after irradiation with 10 ns electron pulses (13).

More recent studies are difficult to compare, owing to 
their different irradiation conditions. For example, Schulz  
et al. (14) studied the clonogenic survival of Chinese hamster 
lung cell after 250 kV X-rays and a pulsed 30 MeV electron 
beam with a dose rate in the range (0.5–5) ×108 Gy/s.  
They found the electron beam biologically less effective 
than X-rays, but they could not relate their results to 
oxygen consumption. In similar experimental condition  
[35 MeV electron beam and (0.25–2.5) ×108 Gy/s]. Purdie  
et al. (15) found opposite results. They measured a 
significant decrease in human kidney cell survival as a 
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function of the dose rate both comparing γ-rays irradiation 
at different dose rate, and comparing the reference radiation 
to the pulsed electron beam. Early skin reaction in mouse 
has also been studied (16) with the result of an increased 
biological effect up to the dose rate of 0.96×108 Gy/s  
followed by a decrease at even higher values, probably 
due to oxygen effects. Zackrisson et al. (17) did not find 
any significant difference in the RBE in their study of 
clonogenic survival of V-79 cell line performed with 
50 MeV electrons and 3.8×102 Gy/s mean dose rate 
and reference radiation. With the modern remarkable 
development of the laser acceleration of particles for 
potential application in radiotherapy, even higher pulse 
dose rates have very recently become available (dose rate 
≥109 Gy/s). Electrons accelerated with this technique 
have been tentatively radiobiologically characterised and 
no differences have been found thus far with respect to 
electrons accelerated by a conventional Linac (18). The 
biological effectiveness of laser driven protons has also been 
investigated on clonogenic survival with similar results using 
the V-79 cell line by Doria et al. at dose rates exceeding  
109 Gy/s as a single exposure (19). 

In conclusion, a coherent picture does not exist on the 
biological effects of electron beams in condition of very 
high dose per pulse and high dose rate, particularly as far as 
the clinical ranges are concerned.

In an IORT treatment, if the RBE is a function of the dose 
rate and/or the dose per pulse, it will depend on the energy 
selected during the surgical operation, according to the depth 
of the tissue target, and on the applicator, chosen according 
to the lateral dimensions of the lesion. In fact the dose rate 
and the dose per pulse produced in a IORT treatment vary 
with the employed energy and applicator (20).

On the other hand, RBE is prescribed only on the basis of the 
tumour cell type. Therefore, the knowledge of the dependence 
of the RBE as a function of the dose rate and/or the dose per 
pulse is interesting from a scientific point of view, and, even 
more, from the clinical point of view, when an intra-operative 
radiation treatment is performed with dedicated Linacs.

In this framework, we characterised an IORT beam delivered 
by the Novac7 accelerator, measuring, at different dose rates and 
doses per pulse, the clonogenic survival of the MCF7 cell line, a 
tumour cell line from breast tissue, being early breast carcinoma 
one of the typical pathology treated with IORT.

As a comparison with the standard breast cancer 
radiotherapy treatment, we have also experimental 
investigated the RBE of a conventional 6-MeV electron 
beam (reference electron beam) and a conventional 6-MV 
X-rays (reference beam used for the standard breast cancer 
radiotherapy treatment). 

Methods

Cell lines and cultures

For the radiobiological characterisation of the IORT beams 
we chose the MCF-7 cell line. It is derived from a malignant 
adenocarcinoma of the breast tissue of a Caucasian woman. 
Cells were grown in D-MEM:F12 supplemented with 5% 
foetal bovine serum, 0.7% antibiotics, and 0.5% fungizone. 
Under these conditions, the Plating Efficiency (PE) was 
~80%, and the doubling time, evaluated from the growth 
curve, was Td =(30±2) h. At least 24 h prior to exposure to 
photons or electrons, cells were seeded on standard T12.5 
tissue culture flasks at about 105 cells flask so that a cell 
monolayer was formed by the time of irradiation.

Irradiation facilities

The IORT accelerator used for our study is the Novac7 
(Hytesis, Italy) in operation at the Azienda Ospedaliero-
Universitaria Pisana in Pisa (Italy). It is a mobile Linac, 
which can deliver pulsed electron beams with nominal 
energy of 3, 5, 7 and 9 MeV. The characteristics of the 
Novac7 are very different with respect to the conventional 
Linacs used for standard radiotherapy: its head is devoid 
of magnetic lenses and scattering foils, and the collimation 
and the flatness of the electron beams are defined by 
means of special PMMA tools of cylindrical shape, named  
applicators (21). As a consequence, the dosimetric 
characteristics of the produced beams are quite peculiar. In 
particular, the dose rate and the dose per pulse are larger 
than those produced by conventional Linacs (22): the dose 
per pulse varies with the energy and the applicator type in 
the range from 3 to 13 cGy/pulse resulting in a clinical dose 
rate in the range from 9 to 39 Gy/min, being 5 Hz the pulse 
frequency in the clinical conditions.

For comparison, irradiations were also performed with a 
conventional radiotherapy linear accelerator (Clinac® DHX, 
Varian), providing a 6 MeV pulsed electron beam and 6 MV 
X-rays. 

The Novac7 linac allows to vary the pulse frequency in 
the range 1–30 Hz (not necessarily for clinical practice). As 
a consequence, it is possible to obtain different values of 
dose-rate at a fixed value of dose per pulse.

Dosimetry

To optimize dosimetry and the uniformity of the cell 
dose distribution, the cell monolayer was irradiated at the 
maximum dose depth of a solid water layer. The flasks 
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were completely filled with the cell culture medium, 
and placed into a special PMMA phantom, conveniently 
designed (Figure 1). A build-up layer of solid water was 
then positioned on the top of the flasks. The cell absorbed 
dose was measured with Gafchromic EBT films, directly 
positioned inside the same type of flasks used for the cell 
irradiations; the procedure of calibration, irradiation 
and post-irradiation analysis of the Gafchromic films 
is described in (7,20,23). The accuracy on the dose 
measurements was 3%.

The correction factor accounting for possible changes 
of the accelerator output between the Gafchromic 
film irradiation and the cells irradiation was quantified 
performing dose measurements with a Markus ionization 
chamber before each irradiation. In the case of conventional 
beams the factor was found negligible (<0.5%), while in 
the case of the IORT beams it resulted of the order of 7%, 
introducing an additional dosimetric uncertainty of about 
3% (20,21,24,25). Accordingly, the estimated overall dose 

uncertainty was around 3% for conventional beams and 
around 5% for the IORT ones. 

Irradiations

The nominal energy selected for the electron beam from the 
Novac7 Linac was 7 MeV, and irradiations were performed 
at the dose rates of 5, 25, and 75 Gy/min using the  
6 cm diameter applicator (dose per pulse =7.4 cGy/pulse),  
and at the dose rates of 25 and 75 Gy/min using the 10 cm 
diameter applicator (dose per pulse =4.2 cGy/pulse).

The reference irradiations (electrons and X-rays) from 
the conventional radiotherapy linear accelerator were 
carried out at the dose rate of 2 Gy/min and at a dose per 
pulse of 0.1 cGy/pulse. Electrons were considered as the 
reference clinical electron beam, while the X-rays were the 
reference of the present work, since they are used for the 
conventional treatment of the mammary carcinoma.

Each experimental cell survival curve was obtained by 
delivering doses of 0.5, 1, 1.5, 2, 3, 4 and 5 Gy. All the 
irradiation parameters are summarised in Table 1.

Cell inactivation and analysis of survival data 

Cell inactivation was measured by assessing loss of 
reproductive potential by means of a standard clonogenic 
assay. After irradiation, cells were trypsinized, diluted 
and counted to plate three replicates per dose for colony 
formation. According to the expected dose-dependent 
decrease in surviving fraction, inoculated cell numbers 
ranged between 250 and 80,000 in order to obtain between 
100–200 colonies per disk/flask. After a period of incubation 
of 10 days at 37 ℃ in a 5% CO2 atmosphere, colonies 
were fixed in methanol for 5 minutes at room temperature 
and then stained for 30 min by Giemsa solution. Cells 
were considered as survivors if they had formed a clone 
containing at least 50 cells (25).

Two independent experiments were carried out for each 
curve at different dose rates or different doses per pulse. 
The surviving fractions S(D) were determined as the ratio 
between the measured plating efficiency at dose D, PE(D), 
normalised to the PE at the zero dose. The surviving 
fraction S(D) at each dose was then evaluated as the mean of 
the results of the independent experiments with its standard 
error. Data were fitted with a linear quadratic model 
according to the formula:

S(D) = exp (− αD − βD2)

Table 1 Energy, dose rate and dose per pulse of the studied beams

Energy Dose rate  
(Gy/min)

Dose per pulse  
(cGy/pulse)

X-rays 6 MV 2 0.1

Electrons 6 MeV 2 0.1

IORT-electrons 7 MeV 75 7.4

7 MeV 75 4.2

7 MeV 25 7.4

7 MeV 25 4.2

7 MeV 5 7.4

IORT, intra operative radiation therapy.

Figure 1 Phantom for cell flask positioning during irradiation.
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Results

The survival curves corresponding to the reference 
irradiations (6 MV X-rays and 6 MeV conventional 
electrons) are reported in Figure 2. 

For the typical radiotherapy dose rate (2 Gy/min), 
electrons turned out to be less effective than X-rays. In 
particular, the α parameter, reported in Table 2 together 
with the fitting parameters of all the measured survival 
curves, was larger for the X-ray survival curve with respect 

to that of conventional electrons, while the β parameters 
were within the experimental errors. 

In Figure 3 we report the results of the different 
irradiations at the IORT dedicated Linac, performed at the 
dose per pulse of 7.4 cGy/pulse together, with the dose-
response curve for the conventional electrons. The α fit 
parameters presented almost the same value for all the 
measured curves, within the experimental errors.

Nevertheless, a slight increase of the β-value for the high 
dose rate IORT beams with respect to the conventional 
electrons was present, according to the fit parameters 
reported in Table 2. No difference in effectiveness was found 
between the IORT beams by varying the dose rate. 

In Figure 4 the results of the dose response survival curves of 
IORT beams are reported together with those corresponding 
at the same dose rate, but at different dose per pulse (4.2 and 
7.4 cGy/pulse) to evaluate the possible effect related to the dose 
per pulse. Similarly, no differences in the beam effectiveness 
emerged that are attributable to the dose per pulse variations.

Discussion

At the typical radiotherapy dose rate (2 Gy/min), electrons 
turned out to be less effective than the 6 MV X-rays. In 
particular, the α parameter was larger for the X-ray survival 
curve with respect to that of conventional electrons, while 
the β parameters were within the experimental errors.

This can be related to the different energy spectra of the 
two radiations. The 6 MeV electron energy spectrum shows 

Table 2 Survival parameters and RBE values

Irradiation α(Gy−1) β(Gy−2) α/β(Gy−1)

6 MV X-rays 0.55±0.05 0.05±0.01 11.0±3.7

6 MeV electrons 0.19±0.05 0.07±0.01 2.7±1.1

IORT electrons  
(75 Gy/min–7.4 cGy/pulse)

0.15±0.05 0.10±0.01 1.5±0.7

IORT electrons  
(25 Gy/min–7.4 cGy/pulse)

0.11±0.05 0.10±0.01 1.1±0.6

IORT electrons  
(5 Gy/min–7.4 cGy/pulse)

0.12±0.05 0.11±0.01 1.1±0.6

IORT electrons  
(75 Gy/min–4.2 cGy/pulse)

0.12±0.05 0.11±0.01 1.2±0.6

IORT electrons  
(25 Gy/min–4.2 cGy/pulse)

0.12±0.06 0.11±0.02 1.1±0.7

RBE, relative biological effectiveness; IORT, intra operative 
radiation therapy.
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Figure 2 Cell survival curves for reference radiation and 
conventional electrons.

Figure 3 Cell survival curves for different dose rates at 7.4 cGy/pulse 
(IORT accelerator). IORT, intra operative radiation therapy.
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a continuously increasing trend up to a peak representing 
the most probable beam energy (around 6 MeV) followed 
by a quite sharp decrease as discussed in (6), where the 
simulated energy spectra of the electrons are reported at 
the exit of collimator. On the other hand, the 6 MV X-ray 
energy spectrum is characterized by a peak at low energy 
followed by a continuous decrease before reaching the 
nominal energy as shown in Figure 5, where the photon 
energy spectrum with a nominal energy of 6 MV, simulated 
with EGSnrc/BEAMnrc Monte Carlo package (26), is 
reported for a 10×10 cm2 field (reference field for dosimetry 
in our measurements). The peak, representing the most 
probable energy is around 0.5 MeV, while the average 
energy is around 1.7 MeV. For completeness in Figure 5 we 
also show the simulated energy spectrum for the 7 MeV 
electrons from the Novac7 accelerator (7).

From a dosimetric point of view, the relevant point is 
the energy spectrum of the secondary electrons from the 
indirectly ionizing X-ray reference beam, whose energy 
spectrum results further degraded with respect to the 
primary radiation. The linear energy transfer (LET) of 
electrons in water as a function of energy remains almost 
constant in the energy range from 1 to 10 MeV, after an 
initial decrease. Consequently, the average LET exhibited 
by the secondary electrons from the X-rays was bigger 
than the one of the 6 MeV conventional electrons, resulting 
in an increase in the biological effectiveness of the reference 
radiation. It is then reasonable to assume that the higher LET 
of that radiation accounts for the increased experimental value 
of the α parameter of the X-ray survival curve.

Concerning the different irradiations at the IORT 
dedicated Linac, the survival curves show almost the same 

Figure 4 Comparison of cell survival at the same dose rates 75 Gy/min (left) and 25 Gy/min (right) and different dose per pulse

Figure 5 Simulated photon energy spectrum (6 MV nominal energy) from the Clinac® DHX Varian accelerator for a 10×10 cm2 field (left) 
and for the 7 MeV electron from the Novac7 (right).
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value for the α fit parameter, within the experimental errors. 
Indeed, α is closely related to the lethal intra-track effects 

of radiation, hence to the LET, which in turn depends on 
the energy, and the energy spectrum of the 7 MeV IORT 
beams is quite similar to that of the conventional electron 
beam used in this work (7,27). 

The slight increase of the β-value for the high dose rate 
IORT beams with respect to the conventional electrons 
can be explained by considering that cell damage due to the 
contribution of two-track events becomes more likely for 
high dose rate irradiations. A similar trend was not observed 
as a function of the different dose rates at the IORT beams, 
probably due to saturation effects. From the therapeutic 
point of view, it is important to note that the choice of the 
applicator and/or the energy during an IORT treatment 
affecting the dose rate and the dose per pulse, does not seem 
to change the radiobiologic characteristics of the beam. 

An analogous conclusion can be drawn for the 
irradiations performed at the dose per pulse values of  
4.2 cGy/pulse, and dose rates of 75 and 2 Gy/min where no 
differences attributable to the dose per pulse variations emerged.

Conclusions 

We  p r e s e n t e d  a  s t u d y  f o r  t h e  r a d i o b i o l o g i c a l 
characterization of an electron beam produced by the 
Novac7 Linac (Hytesis SpA, Italy) employed for Intra 
Operative Radiation Therapy. The clonogenical essay of 
the MCF-7 cell line was performed for different dose rates 
at two values of dose per pulse, covering the typical values 
of dose rate and dose per pulse clinically used. X-rays 
and electrons from a conventional Linac accelerator for 
radiotherapy were also considered as references. We found 
the 6 MV X-rays be more effective with respect to the  
6 MeV electrons, as the former radiation quality exhibits a 
more degraded energy spectrum for the secondary electrons. 
This suggests the need to perform new experiments to 
better compare the RBE of an IORT treatment (performed 
with electron beams in a single dose fraction) with those of 
the standard radiotherapy treatment.

Concerning the IORT beam exposures, the survival curves 
did not show any dependence on the dose-rate and the dose 
per pulse in the parameter range for the clinical exploitation 
of the Novac7 beams. This is an important clinical finding, as 
it means that changes in the use of the applicators and of the 
employed energy, with the corresponding changes in the dose 
rate and dose per pulse, do not seem to affect the radiobiologic 
properties of the beam.

The comparison with the conventional electron irradiations 
showed no differences as far as the α parameter is concerned, 

while slight different β parameters were found. This was 
expected since the energy spectra of the different beams were 
almost equivalent from the dosimetric point of view, and 
suggests a saturation effect at dose rate and dose per pulse 
values lower than those in use in the IORT. 
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