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1. Introduction

Reliable human tumour xenograft models in rodents are a 

vital part of preclinical cancer therapy investigations (Wolf 

and Abolmaali 2009). Animal experiments are thought to be 

more relevant for translational research than in vitro studies 

(Baumann et al. 2009). For example, tumours growing in 

irradiated tissue in rodents are frequently being used as 

experimental models of recurrent tumours in humans. Most 

of them show a prolonged period of latency and a reduced 

growth rate in comparison with tumours transplanted 

into intact tissue (Baumann et al. 1994). This effect was 

discovered at the beginning of the last century (Frankl and 

Kimball 1914) and was named later as the tumour bed effect 

(Stenstrom et al. 1955). The tumour bed effect has been 

mainly attributed to impaired neovascularization (Haveman 

et al. 2007). While the tumour bed effect has been intensively 

investigated, the design of tools for tumour bed irradiation 

(TBI) has received considerably less attention. 

The long-standing absence of dedicated systems 

delivering local irradiation to small animal tumour models 

has led some investigators to design special radiation units 

(Deng et al. 2007; Rodriguez and Jeraj 2008; Matinfar et 

al. 2009). Others modifi ed existing experimental (Graves 

et al. 2007) or clinical (Medina et al. 2008) devices that 

are usually not designed to deliver conformal doses to a 

target volume in small animals. This work is devoted to 

the development of standardized conditions for TBI using 

a commercially available X-ray device with dedicated 

collimators and an appropriate animal bed plate. The 

relevant dosimetry and the corresponding methodology for 

reproducible radiotherapy of human tumour xenografts in a 

nude rat model are described.

2. Materials and methods

2.1 Radiation source and conditions

Radiation exposure in our study was carried out by means 

of the commercially available X-ray YXLON MG325 

device (200 kV, 20 mA, Yxlon International X-Ray GmbH, 

Hamburg, Germany, fi gure 1A), which was equipped with 

an animal positioning stage containing a collimator holder 

(fi gure 1B). The construction of the animal positioning stage 

allows a manual change of both the collimator plate and the 

corresponding animal bed plate before irradiation.
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Whole body irradiation (WBI) with a dose of 4 Gy

(dose rate: 0.877 Gy/min) for immunosuppression of 

animals delivered 2 days before tumour transplantation 

was carried out using a standard WBI lead collimator plate 

(thickness 12 mm, 220 x 180 mm square aperture, 0.5 mm 

Cu fi lter) and an animal WBI bed plate as described earlier 

(Tokalov et al. 2009). 

To perform TBI with a dose of 15 Gy (dose rate: 0.877 

Gy/min) which exclusively covers the target volume, a lead 

collimator (12 mm thick) with two circular apertures 2.0 cm 

in diameter (0.5 mm Cu fi lter, fi gure 1C) and an appropriate 

animal TBI plate (fi gure 1D) were custom made. The design 

of the collimator plate for TBI allowed irradiation of 2 

circular areas and protection of other areas. This collimator 

plate for TBI permitted the placement of two anaesthetized 

rats, by fi xating their right lower limbs and performing 

irradiation in the appropriate positions (fi gure 2A). The 

added fi ltering consisting of a 0.5 mm thick Cu fi lter was 

chosen for beam hardening, reducing the infl uence of the 

lower energy photons.

2.2 Dosimetry

Dosimetry was performed with the clinical dosimeter 

UNIDOS equipped with the Semifl es ionization chamber 

(PTW-Freiburg, Germany) using a set of water equivalent 

plate (1 × 5 × 5 cm3) phantoms (PTW RW3 Slab Phantom 

29672, Siemens, Germany). Due to the fi tness of the 

phantoms used for the dosimetry, the irradiation dose was 

estimated at a depth of 5 mm (middle of the water equivalent 

plate). 

Two-dimensional (2D) dose distribution was visualized 

using near tissue equivalent self-developing GAFCHROMIC 

EBT fi lms (International Specialty Products, NJ, USA). For 

EBT fi lm 2D dosimetry, a standardized protocol described 

earlier (Devic et al. 2007) was used. To reduce the effects 

of temperature-dependent fading and readout, storage, 

irradiation and readout were performed in the same 

environment. Additionally, the fi lms were kept together to 

avoid differences in thermal histories. A delay of at least 24 

h after the irradiation was maintained to allow the EBT fi lms 

to self-develop before scanning. EBT fi lms were scanned 

using an EPSON fl atbed scanner (EPSON 4990, Seiko 

Epson Corporation, Japan) in the transmission mode. The 

red channel was extracted for analysis using a narrow band 

pass fi lter because EBT has a maximum response to red light 

at 633 nm (Fuss et al. 2007). 

EBT fi lms were analysed at a 10-fold magnifi cation 

using the light channel of a Zeiss Axioplan-2 fl uorescence 

microscope with a digital camera and corresponding 

software (AxioCam, Carl Zeiss, Germany).

The dose depth profi le within the water-equivalent 

phantom was computed using the GEANT 4 Monte Carlo 

toolkit simulating the passage of X-ray photons through 

matter. The simulation results were compared with the 

measured dose values.

2.3 Animals

Male athymic 5-week-old nude rats (Harlan Laboratories 

GmbH, Borchen-Alfen, Germany) were kept fi ve rats per 

cage with water and food ad libitum at least one week before 

the experiments. Animal housing and experiments were 

approved by the local animal care committee according to 

the institutional guidelines and the national animal welfare 

regulations. Intraperitoneal anaesthesia was performed with 

a ketamin 500 (120 mg/kg, Curamed, Germany)/xylazin (16 

mg/kg, Rompun, Germany) mixture. Two days after irradiation 

(WBI or WBI+TBI), human non-small cell lung cancer cells 

(A549, DSMZ, Braunschweig, Germany) were transplanted 

by subcutaneous injection (5 x 106 cells in 0.1 ml of phosphate 

buffer saline) into the right lower limb in the middle of the area 

that had received TBI. Additionally, tumour-bearing animals 

with subcutaneously growing tumours in the right lower limb 

were placed in the animal bed made for the TBI (fi gure 2B) 

and irradiated using the respective collimator plates. 

2.4 Statistics

The experimental results are expressed as the mean ± 

standard deviation of several independent experiments. 

Analysis of variance (ANOVA) was performed.

Figure 1. Radiation system. Commercially available X-ray system 

(A) with an animal positioning device (B) containing a collimator 

holder. The 12 mm thick lead collimator for tumour bed irradiation 

with two circular apertures 2.0 cm in diameter and 0.5 mm thick 

Cu fi lter (C) and the animal bed plate (D) are shown. Areas of the 

animal bed plate that underwent irradiation are marked in red.
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3. Results

3.1 Evaluation of the dose distribution with EBT fi lms

Visual examination of the irradiated EBT fi lms of the animal 

bed plate made for TBI showed two different areas (fi gure 

3A). A dark blue round area (20 mm diameter) was clearly 

seen in the region of the EBT fi lm that underwent TBI when 

the TBI collimator was used. The other parts of the EBT fi lm 

were light blue in colour. 

Examination of the irradiated EBT fi lms by microscopy 

indicated highly localized dose deposition (fi gure 3B).

The width of the edge between the areas where the colour of 

the EBT fi lm changed from light to dark blue did not exceed 

1 mm. 

Direct dosimetry performed with the UNIDOS dosimeter 

revealed that after TBI the accumulated dose in the centre of 

the dark blue area was 15 Gy, while outside this area it did 

not exceed 7 cGy (fi gure 3B).

The analysis of 2D dose distributions in the selected 

areas using the EBT fi lm/EPSON4990 fl atbed scanning 

system (fi gure 3C) revealed close agreement with visual 

examination.

Analysis of dose profi les through the centres of the 

irradiated areas (along the red line on fi gure 3C) confi rmed 

the visual interpretations (fi gure 3D). A similar high level 

of accumulated dose with an inhomogeneity of less than 

5% was revealed in the fi eld which underwent TBI, and a 

quantitatively insignifi cant level of accumulated dose was 

recorded in the surrounding area protected from TBI. 

Figure 2. Tumour bed irradiation and radiotherapy. Positioning of a rat on the animal bed during tumour bed irradiation is illustrated (A). 

The irradiated area is delineated by black lines. A nodule with a volume of approximately 1000 mm3 that grew (inset a) in the middle of the 

hairless irradiated area is shown. Positioning of a tumour-bearing rat on the animal bed during radiotherapy using the collimator for tumour 

bed irradiation is shown (B). Dose distribution along the depth of a 2 cm water equivalent phantom for Monte Carlo simulation of the X-ray 

photons’ passage through matter (yellow) and dose evaluation using a set of water equivalent plate phantoms (green) are presented (inset 

b). The curves have been normalized to 100% on the surface of phantoms.



3.2 Experiments with animals

At fi rst, the established tool was applied for TBI of rats. 

To improve tumour take rates, animals were irradiated 

with WBI. Then they additionally underwent TBI and the 

corresponding areas were marked on the skin of animals 

(fi gure 2A). Subcutaneous injection of A549 cells in the 

centre of this area two days after irradiation induced tumour 

growth in the middle of the hairless irradiated area in the 

lower limb of nude rats (fi gure 2A, inset a). 

In the second part of the work, the established tool was 

applied for radiotherapy of tumour xenografts (fi gure 2B). 

To evaluate the dose depth profi le within the tumours, the 

dose depth profi le within the water equivalent phantom 

was computed using the GEANT 4 Monte Carlo toolkit, 

simulating the passage of X-ray photons through matter. The 

result of this simulation was compared with the measured 

dose depth values using a set of water equivalent plate (1 x 5 

x 5 cm3) phantoms. Good agreement in the quantifi cation of 

the dose depth value was found between the simulation and 

measurements for TBI of tumours in the lower limb of rats 

(fi gure 2, inset b). The dose decreased exponentially from 

its maximum value (set to 100%) at the top to ~80% at the 

bottom of the phantom. Therefore, dose inhomogeneities 

in tumours less than 2 cm in diameter did not exceed 

10% during commonly applied radiotherapy (local tumour 

irradiation with 2 Gy) using TBI tools. The additive dose of 

TBI to WBI did not exceed 0.5 cGy.

4. Discussion

This work was devoted to the development of conditions 

for TBI and local tumour irradiation using a commercially 

available X-ray device. To this end, both the lead collimator 

and the animal bed plate for TBI were made. EBT fi lms were 

employed to verify the 2D dose distribution in the plane of 

the rat bed plate. The high spatial resolution of EBT fi lms 

makes them ideal for such purposes (Chiu-Tsao et al. 2005) 

because of their energy independence and high sensitivity 

(Deng et al. 2007). Using EBT fi lms we were able to show 

that the thickness of the constructed TBI collimator was 

adequate to guarantee minimal penetration and dispersion 

of the X-ray beam outside the collimator’s aperture. 

Administration of irradiation at a depth of 5 mm additionally 

improved dose delivery into the fi eld of the tumour bed. As 

a result, the collimator permits TBI while protecting the rest 

of the body. 

The new equipment allowed us to investigate tumour 

bed effects using human tumour xenografts in a rat

model. Preliminary WBI has been used as the classic

method for experimentally inducing immunosuppression 

in rodents and improve tumour take rates of human

tumour xenografts in nude mice (Zips et al. 2009) and 

nude rats (March et al. 2001; Tokalov et al. 2008, 2009). It 

was found that after TBI (15 Gy), tumour nodules showed 

a prolonged latency period and a reduced growth rate in 

comparison with the control tumour-bearing rats (Tokalov 

et al. 2008, 2009). 

It is well known that inhomogeneous radiation dose 

distributions in tumour may result in an incomplete 

elimination of tumour cells, which may lead to an 

incomplete therapeutic response to radiotherapy. The results 

of the phantom examination for the thickness of tumours 

less than 20 mm in diameter presented here showed that the 

difference between the entrance and exit dose did not reach 

20%. This suggests that the delivered dose inhomogeneities 

over the corresponding target volume did not exceed ±10% 
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Figure 3. EBT fi lm evaluation of the dose distribution. Visual 

(A), microscopic (B) and scanner (C, D) analysis of EBT fi lms 

after tumour bed irradiation (15 Gy) is shown. Irradiated (dark 

blue) and protected (light blue) areas are clearly separated (A). A 

step gradient between both areas is seen (B). Doses in irradiated 

(15 Gy) and protected (7 cGy) areas after TBI is given (B). 2D 

dose distribution is reconstructed (C) and data profi le across the 

irradiated area along the red line is shown (D). Bars equal 2 cm (A, 

C) and 2 mm (B).



of the mean value. It needs to be noted that subcutaneous 

tumours are usually in the form of fl at spheroids, at least at 

the beginning of their growth. As a result, the thickness of 20 

mm diameter tumours in our study typically did not exceed 

even 10 mm. 

The results of this work demonstrate that small 

modifi cations of commercially available X-ray devices 

allow us to perform radiotherapy of tumours subcutaneously 

transplanted into the right lower limb of rats with an 

accuracy similar to that obtained by using a clinical X-ray 

unit as published earlier (Medina et al. 2008). Obviously, a 

series of collimator plates for TBI with different apertures 

might be more suitable for radiotherapy investigations of 

tumours of different diameter.

The results and procedures described in the present study 

have shown the usefulness of a commercially available 

X-ray device equipped with a TBI collimator and an 

appropriate animal bed plate. This equipment was used for 

TBI and radiotherapy of non-small cell lung cancer tumours 

subcutaneously transplanted into the right lower limb of 

rats. The technique of local irradiation may be useful for 

investigations involving other types of human tumours in a 

nude rat model.
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