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FEASIBILITY OF USING 6 MV PHOTON BEAMS IN CONTRAST-ENHANCED
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Contrast-enhanced radiotherapy (CERT) is a type of radiation therapy used to enhance the radiation dose absorbed by the
tumor while sparing surrounding healthy tissues. The present study aims to assess feasibility of using 6 MV photons to increase
radiation absorption in CERT. The dose absorbed by iodinated water was directly measured by ferrosulphate dosimetry.
Concentrations of iodine (a dose-enhancing agent) ranged from 2.5 to 50 mg/ml. Solutions were exposed to 5 Gy radiation
generated by the clinical linear accelerator SL75-5MT (Russia). The radiation dose applied did not account for increased
absorbance due to the presence of iodine atoms. No reliable increase in the absorbed dose was observed for iodine
concentrations ranging from 2.5 to 20 mg/ml. For 50 mg/ml concentrations the absorbed dose increased by 13% + 5 %
(p < 0.05). Normally, dose-enhancing concentrations observed in CERT studies range from 2.5 to 15 mg/ml, therefore, as
demonstrated by our findings, employing 6 MV photon energy spectra in order to reach a therapeutically significant effect is
unreasonable.
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BO3MO>XHOCTb MPOBELEHNA ®OTOH-3AXBATHOW TEPAMNUN
C NCMNOJIbBOBAHMEM 6 MB ®OTOHHOI'O N3JTYHEHUA

E. C. Bopobeera', A. A. Jlunerronby 225, A, A. HepenaHor?, E. FO. Mouropbesa?, M. H. HeuknHa?, H. C. KanbirHa?,
A. B. Cokosukos?, B. H. Kynakos', U. H. LLleiHo!

" NabopaTopvist METOLOB 1 TEXHOMOMIA Ny4eBO Tepanuu, OTAEN PaanaLVoOHHbIX TEXHOMOTMA MEAULIMHCKOrO HagHa4YeH!s,
DefepanbHbIi MEOVLIMHCKU O1ohuandecknin LIeHTp nmenn A. V1. BypHasana, Mockea

2 labopatopvisi pagroHYKIIMAHbIX U IyHYEBbIX TEXHOMOMMIA B 9KCMEPUMEHTANBHOM OHKONOrW, HVIV KNMHMHECKON 1 SKCNepUMEHTaNBbHOM paayonorin,
HauvoHanbHbI MEQULMHCKMIA UCCNEROoBaTENbCKUN LEHTP OHKONOMM nMenn H. H. BrnoxvHa, Mocksa
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dPoToH-3axBaTHaga Tepanus (G3T) — MeTon Nyy4eBOn Tepanuu, KOTOpbIA 0b6ecnevmBaeT MOBbILLEHWE MOMOLWEHHON A03bI
B OMyxonn 6e3 AOMONHUTENBHOW NyHEBOW HArpy3Km Ha OKPY>KatoLLMe HopMasibHble TkaHW. B paboTe npeacTtaBneHbl pesynb-
TaTbl 3KCMEPUMEHTANTBHOMO NCCNEA0BAHNSA BOSMOXHOCTI YBENMHEHWSA NOMNOLLEeHHOM 403kl Npy 3T 3a cHET NCNONb30BaHVA
6 MB hoTOHHOrO 1sny4eHns. Mpr NOMOLL BOAHBIX pacTBOPOB heppocCynbdaTHbIX A03MMETPOB OblNo NPOBEEHO NPSAMOe
N3MepPeHMe BENNYMHbI MOMOLLEHHOM A03bl B BOAE, COAEPXKALLEN MO, (1030MOBbILLAILLMI areHT) B KOHLUEHTpaLUun oT 2,5 oo
50 mr/mn. Obny4eHre pacTBOPOB MPOBOANAV HA IMHENHOM MEANLIMHCKOM TepaneBTudeckoM yckoputene CJ175-5-MT (Poc-
cus) B Bo3e 5 p 6e3 y4eta BO3MOXKHOIO YBENYEHNSE MOMOLLEHHONM 003kl 32 CHET NMPUCYTCTBMA aTOMOB Mofa. [ns KOHLEHT-
pauu noga 2,5-20 Mr/Mn OOCTOBEPHOMO YBENMHEHNST MOMOLLEHHON O03bl 3apErncTpupoBaHo He Bbino. [Ons KOoHUeHTpa-
i noda 50 Mr/Mn yBennMYeHme NornoLLEHHON A03bl cocTaBmnno 13 £ 5 % (p < 0,05). INoCKONbKY TUMNYHbIE KOHLIEHTPALM
[OO30MOBbILLAKLLX areHTOB MPW BBEOEHWUM B OPraHn3M MNauyeHTOB, Kak MpaBuio, HaxXOAATCS B AvanaldoHe 2,5-15 mr/mn,
ncnonb3oBaHne 6 MB hOTOHHOIO U3NyYeHUst AN AOCTUKEHWS TePaneBTUYECKM 3HAYMMOrO NPOTVBOOMYXONEBOro adhdekTa
He NpenCcTaBnAeTCs LenecoobpasHbim.

KniouyeBble cnoBa: (hoToH-3axBaTHasi Tepanusi, heppocynbdaTtHas O3MMETPWS, MeraBosTHOE U3nyyeHne, hakTop MnoBbi-
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Contrast-enhanced radiotherapy (CERT) is a new binary  special drugs that contain dose-enhancing agents (DEAs), i. e.
treatment modality that advantageously ensures enhancement ~ chemical elements with Z > 52 (I, Gd, Au, B, etc.) and thus have
of the radiation dose absorbed by a tumor while sparing  a better absorption capacity than constituents of soft biological
surrounding healthy tissues. This effect is achieved by using  tissues.
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Fig. 1 shows mass energy absorption coefficients pen for
a number of chemical elements plotted against photon energy.
As demonstrated by the graph, elements with different Z have
considerably different absorption capacity only when exposed
to ionizing photons with an energy spectrum between 30 and
300-500 keV [1] characteristic of orthovoltage X-rays. Most
studies on CERT employ sources of ionizing radiation that emit
in this particular spectrum [2-7].

Clearly, the difference is negligible in the absorption
capacity of DEAs and soft tissues exposed to >500 keV photon
energies. However, a number of authors report an increased
therapeutic effect following contrast-enhanced radiation
treatment with megavoltage X-rays (>6 MV) [8-13]. In their
experiments, dose enhancement was attempted by the use
of gold nanoparticles, platinum compounds and gadolinium-
containing nanostructures. Possible mechanisms of enhanced
absorption were also suggested [14-186]. It was hypothesized
that as primary radiation scatters in a DEA-loaded tumor, the
latter accumulates the sufficient amount of low-energy photons
capable of interacting with the DEA. As orthovoltage X-rays
interact with the DEA, the environment surrounding the DEA
atom gets ionized just a few nanometers away from it. lonization
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generates a large number of radical ions capable of affecting
biological structures from a longer distance (up to several mm
away from the atom).

Other researchers attempted to estimate an increase in the
absorbed radiation dose using polymer gel dosimeters and
EPR dosimeters (EPR stands for electron paramagnetic
resonance) loaded with DEAs and irradiated with 6 MV photons.
In the work [17] 18 mg/ml gold concentrations were introduced
into polymer gel dosimeters, but no reliable dose enhancement
was registered. In the experiments with the alanine EPR-
dosimeter containing 30 mg/ml gold [18] dose enhancement
was 10 %.

This brings up the question: is the therapeutic effect of 6
MV CERT due to the mere physical increase in the absorbed
dose or to the sensitizing effect of radiation on tumor cells? We
decided to find out how the absorbed radiation dose increases
in iodinated water irradiated with 6 MV photons. Unlike other
researchers who used polymer gel and alanine EPR dosimeters
in which radical ions may not be so mobile as in water, we used
aqueous solutions for our measurements because in water
radical ions can travel unobstructed by large molecules and,
therefore, can be registered more effectively.
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Fig. 1. Dependence of mass energy absorption coefficient on incident photon energy
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Fig. 2. The graph shows dependence of absorbance of the ferrous sulphate dosimeter on the absorbed radiation dose
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To measure dose enhancement in aqueous iodinated solutions,
we resorted to ferrous sulphate dosimetry. The main problem
of absorbed dose quantification in the presence of DEAs is the
short range of secondary radiation (from a few nanometers
for Auger electrons to a few micrometers for photoelectrons
and characteristic X-rays), which imposes certain limitations
on the use of conventional dosimetry techniques. Here, liquid
ferrous sulphate dosimetry offers a solution. This technique
employs oxidation of Fe* to Fe** by highly reactive products of
water radiolysis induced by ionizing radiation. The number of
yielded Fe®* ions depends on the absorbed radiation dose and
therefore allows to calculate the exact value of the latter. The
dosimeter solution can be “supplemented” with DEA; thus Fe®*
ions will be in close proximity to DEA atoms, and the effect
of secondary radiation on the total absorbed dose can be
estimated.

In our experiment dose enhancement was attempted with
iodine (Ultravist 370, aiodine-based contrasting agent by Bayer,
Germany), whose atomic number is 53. lodine concentrations
of 2.5, 5, 10, 20 and 50 mg/ml were created in the solutions of
ferrous sulphate dosimeters. The solutions were prepared as
described in [19].

Spectrophotometric measurements of absorbance at the
peak of light absorption by Fe** ions are performed at 303 nm
wavelength. The optical absorption spectrum of iopromide
interferes with that of iron; therefore, we modified the dosimeter
by adding ammonium rhodanide (thiocyanate) NH,SCN. Once
ferric ions reacted with rhodanide, a intensely colored orangish-
red Fe3*/ thiocyanate complex was formed with the absorption
peak at 460 nm. We added 100 pl of 0.1 g/ml ammonium
rhodanide solution to every irradiated iodinated dosimeter
solution and then measured the absorption spectrum and
absorbance for the Fe*/thiocyanate complex using Cary 50
spectrophotometer (Varian Australia Pty, Australia).

Anincrease in the absorbed dose can be expressed using a
dose enhancement factor (DEF): DEF=D_ . /D, whereD__
is the dose absorbed by the irradiated dosimeter containing
a dose-enhancing agent, as measured by spectrophotometry,
and D is the absorbed dose in the absence of DEA. The
absorbed dose was calculated based on the calibration curve
for doses ranging from 2.5 to 20 Gy.

In our experiment we used the 6 MV clinical electron
accelerator SL75-5-MT (Efremov Research Institute of
Electrophysical Equipment, Russia) from the radiation therapy
unit of Blokhin Russian Cancer Research Center. The accelerator
generates bremsstrahlung radiation with photon energies up to
6 MeV. Prior to irradiation, the dosimeter solutions were placed
in 40 mm Petri dishes, 2.5 ml of solution per dish. Irradiation
time was 100 seconds, which is sufficient for iodine-free water
to absorb 5 Gy. No tissue equivalent scatterers were used in
this study, because its aim was to model conditions for surface
irradiation, typical for in vitro and in vivo studies (in mice and
rats with transplanted tumors).

Spectrophotometric measurements were done in 6 repeats
for each DEA concentration. The mean absorbed dose and
the standard error of the mean were calculated for each
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concentration considering Student’s coefficient. Statistical
significance was estimated by the Mann-Whitney U-test.

RESULTS

The calibration curve in Fig. 2 shows that absorbance of
the ferrous sulphate dosimeter is linearly dependent on the
absorbed dose (doses range from 2.5 to 20 Gy).

Mean values of the dose enhancement factor for each
studied iodine concentration are shown in the Table. A 13 %
dose enhancement was observed at a concentration of
50 mg/ml. For other studied concentrations DEF was <1.

DISCUSSION

The obtained results show that typical concentrations
of DEA accumulated in the tumor (2-50 mg/ml) do not
have any clinically significant effect on the radiation dose
absorbed during CERT with 6 MV photons. Absorbed dose
enhancement does not exceed the uncertainty value at iodine
concentrations <20 mg/ml. Significant dose enhancement (by
13 + 5 %) was observed at a 50 mg/ml iodine concentration.
The results of our study are consistent with the findings of other
authors [17, 18]. It should be noted that iodine concentrations
>20 mg/ml can be reached only by direct injections of DEA
into the tumor, which is strongly disapproved of by the medical
community. Systemically administered DEAs usually have
iodine concentrations ranging between 2 and 15 mg/ml [2,
20]. To sum up, no clinically significant dose enhancement
was registered in the solutions irradiated with 6 MV photons
at typically used iodine concentrations, which means that no
improved therapeutic effect should be expected.

CONCLUSIONS

Our findings suggest that standard sources of 6 MV energies
used in clinical routine cannot ensure clinically significant
enhancement of the absorbed dose for contrast-enhanced
radiotherapy. The antitumor effect of 6 MV photons in the
presence of dose-enhancing agents in the tumor is likely to
be a case of radiosensitization and is not caused by increased
absorption of radiation by the tumor. A question remains
whether the use of flattening filters for orthovoltage and
kilovoltage energies can be avoided during 6 MV CERT.

Values of dose enhancement factor measured at different iodine concentrations

lodine concentration, mg/ml DEF
2.50 +0.08 1.00 + 0.05
5.0+0.1 0.90 + 0.08
10.0+0.3 1.00 + 0.05
20.0+0.6 1.00 + 0.05
50.0+ 1.5 1.13 + 0.05*

Note. * — difference is statistically significant (p < 0.05).
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