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Improving kV irradiation protocols for cell cultures with a full 

dosimetric evaluation including plate-specific factors
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INTRODUCTION

Radiobiological studies often use cell cultures to evaluate the

efficacy of novel radiation and drug therapies. However,

deficiencies in dosimetric evaluations for cell irradiations can

lead to inherent dose errors. [1]

Biological irradiators rely on machine-specific characterizations

that significantly impact the accuracy of dose deliveries. Factors

of concern include:

• Reference dose rate

• Irradiator end-effect

• Beam flatness and symmetry

• Beam parameter resolution

Previous work on this topic has shown the impact of non-flat kV

beams on outer well doses in multi-well cell culture vessels [2].

Here we expound our full irradiator characterization and

measure vessel-specific differences in scattered dose to cells.

OBJECTIVES

To increase replicability in cell culture irradiations by proposing

techniques to increase accuracy in dose calculations, parallel to

upcoming TG-319 guidelines [3], by:

• Fully characterizing a kV biological irradiator, incorporating end-

effect and beam current (dose rate) linearity determinations

• Evaluating cell culture plate scatter factors using laser-cut film

dosimetry

METHODS (IRRADIATOR CHARACTERIZATION)

Annual calibration of the 320 kVp beam on our X-RAD 320

biological irradiator (Precision X-Ray Inc., Madison, CT) was

performed with a Farmer-type ion chamber using the “in-air”

method in the AAPM’s TG-61 protocol [4]. The in-air dose on this

irradiator has varied by <0.5% over the past four years.

Irradiator end-effect (δt) was extrapolated from a linear plot of

beam time versus charge collected in an ion chamber, where:

δt (s) =
y−intercept (nC)

slope nC.s−1

Beam flatness and symmetry were confirmed with beam profile

measurements using Gafchromic™ EBT3 film.

The relationship between charge and beam current was also

assessed to enable the correction of dose errors caused by

beam time rounding.
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DISCUSSION

End-effect-induced dose error scales with dose rate, becoming 

significant for high dose rate, low dose irradiations (Figure 3). 

Dose inaccuracy from beam time rounding is improved by 

adjusting dose rate by “mA tweaking”. This adjustment is 

simple once the linear relationship between dose and beam 

current is established (as in Figure 2-B)

Though several controls exist in our film dosimetry protocol, 

there is 2-3% uncertainty in our film measurements. Therefore, 

we see no marked difference in plate-specific scatter once 

culture medium proxy is added (Table 1).

PMMA is water-like in terms of density and effective atomic 

number and is CO2 laser-compatible but has different 

scattering characteristics at kV energies [5]. We observed no 

marked difference between PMMA and water in our application 

(Table 1), demonstrating its use for approximating cell culture 

irradiation conditions. 

These preliminary data suggest that shallower layers of culture 

media may increase the proportion of vessel-dependent 

scatter. Further investigation, to include Monte Carlo modelling, 

is required to elucidate this relationship.

METHODS (PLATE-SPECIFIC FACTORS)

An in-air calibration of EBT3 film was performed on our X-RAD

320 irradiator. We mimicked the TG-61 setup geometry using a

custom, 3D-printed “in-air film paddle” (Figure 1-A).

A 100 W CO2 laser (Boss Laser, LLC, Sanford, FL) was used to cut

film discs to fit wells of several cell culture vessels: Petri dish, 6-,

12- and 24-well (Figure 1-B). Notches were included in the disc

circumference to track film orientations for scanning.

Films were placed in the wells for irradiations (Figure 1-C) with

and without coverage by a water-mimicking scattering medium –

a 2.5 mm thick disc of polymethyl methacrylate (PMMA). Vessel-

specific scatter factors were calculated for multi-well plates in

relation to the Petri dish doses.

RESULTS

An irradiator end-effect of 1.81 seconds was obtained using the

graphical method (Figure 2-A).

A perfect linear relationship between beam current and dose was

confirmed with ion chamber measurements (Figure 2-B).

Film measurements revealed a vessel-dependent increase in dose

to multi-well plates of approximately 5-7% without the culture

medium-mimicking layer over the film (Table 1).

With the addition of a culture medium mimicking layer (PMMA),

these vessel-dependent differences fell below 3%.
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CONCLUSIONS

Consideration of the irradiator end effect in dose calculations is

important, especially for low dose, high dose rate irradiations.

Describing the linear relationships between dose, dose rate and

tube current on a biological irradiator enables the fine adjustment

of dose delivery, surpassing limitations imposed by input

parameter rounding errors.

Laser-cut Gafchromic™ film is useful for cell culture plate

dosimetry.
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Figure 1: (A) Gafchromic™ EBT3 film segment suspended “in-air’ using 3D printed paddle. 

(B) Discs of laser-cut film for cell plate dosimetry. 

(C) Cell culture irradiation geometry (films embedded).

Medium 6-well 12-well 24-well

none 4.6 5.0 6.7

PMMA 0.4 2.2 0.8

water * 0.6 *

Table 1. Additional scattered dose to film (%) for three types of multi-

well culture vessels, relative to a Petri dish (* = not measured)
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Figure 2. (A) Irradiation time versus charge collected in an ionization chamber.   

(B) Beam current as a function of dose proportion (in %) 

against an equal beam time at TG-61 dose rate.

y = 0.121x - 0.135

0

4

8

12

0 25 50 75 100

B
e

a
m

 C
u

rr
e

n
t 

(m
A

)

Target Dose %

B

R2 = 1

A

Dose (Gy)

3 6 9  

12   

8   

4   

B
e

a
m

 C
u

rr
e

n
t 

(m
A

)

- 10.0%

- 5.0%

- 2.0%

- 1.0%

- 0.5%

Figure 3. 2D plot of end-effect-induced dose error on our X-RAD 320 biological 

irradiator as a function of the prescribed dose and beam current setting.
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