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Abstract 
 
A major challenge in radiotherapy treatment is to deliver precise dose of radiation to the tumor with minimum dose to the 

healthy normal tissues. Recently, gel dosimetry has emerged as a powerful tool to measure three-dimensional (3D) dose 

distribution for complex delivery verification and quality assurance. Dosimeters currently in use are inadequate for clinical 

use as they measure one-dimensional (e.g. ion chambers) or two-dimensional (e.g. Radiographic films) dose distribution. 

There are basically two types of gel dosimeters i.e. Fricke and polymer gels. Fricke gel dosimeters are easy to prepare and 

are tissue equivalent but their use is limited because of dependence on oxygen concentration. Polymer gels are also 

sensitive to oxygen contamination however different formulations are used to solve this problem. The review summarizes 

improvements in gel dosimeter models and different gel compositions that had been proposed. These dosimeters act both as 

a phantom and detector, thus confirming the versatility of dosimetry technique. In this review imaging techniques most 

widely used for gel dosimeters. Magnetic Resonance Imaging, X-ray and Optical Computed Tomography shall be 

evaluated along with their limitations and sensitivity of gels. 
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Introduction  
 

adiotherapy treatment techniques, such as 

Stereotactic Radiotherapy (SRT) and Intensity 

Modulated Radiation Therapy (IMRT), require accurate 

measurement of three-dimensional radiation dose 

distribution to minimize radiation dose to healthy tissues 

and enhance target dose delivery to the affected tissues. 

Present clinical dosimeters, such as ionization chambers, 

Thermoluminescent Detectors (TLD) and radiographic 

films measure one or two dimensional dose distribution 

while gel dosimeters measure three-dimensional dose 

distribution to meet the growing challenges of advanced 

radiotherapy techniques.
1-3

 

Gel dosimetry started with the use of gels 

containing Folin’s phenol, in which color changes were 

observed when exposed to radiations. Later, agar gels 

were introduced for the measurement of photon and 

electron depth doses. Subsequently, Fricke gels were 

introduced which were later replaced by acrylic 

monomers and polymers.
4
  

The most attractive quality of gel dosimeters is 

that they act both as a phantom and a detector.
5
 Gel 

dosimeters enable physicists and radiologists to define 

planar dose distribution with high resolution. Gel 

dosimeters have been applied to proton beam,
6-7

 neutron 

beam, electron beam,
8
 and high energy carbon ion beam.

9
 

A number of studies have confirmed the versatility of 

measuring dose distribution in special applications of 

radiotherapy such as brachytherapy, IMRT and 

stereotactic radiosurgery.
10-11

 

Gel dosimetry involves the use of emerging 

techniques in which absorbed dose is measured by the 

use of radiation sensitive gels. This review briefly 

discusses Fricke and polymer gel dosimeters including 

their manufacture, imaging, characteristics and 

limitations of these gels.  
 

Evaluation of tissue in homogeneities 

Research in gel dosimetry moves around water 

equivalence of gels. The water equivalence of gels was 

found by determining its atomic number, element 

composition, electron density and mass density.
12

 For 

external beam radiotherapy involving megavoltage beams, 

it is desirable for the gel to have electron density as close 

as possible to water. Therefore, gels based on aqueous 

media are preferred because their radiological attenuation 

properties are similar to that of tissues. In clinical 
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dosimetry, the depth dose response in gels should mimic 

the same response in patients who are subjected to cancer 

treatment; therefore, the criterion of a good gel is that its 

radiation absorption and scattering properties are similar to 

that of water.
13-15

 

Previous studies have revealed electron densities 

of Fricke and polymer gels within 1% of soft tissues.
16 

With growing research in the use of radio sensitive gels, 

dose distribution behind high atomic number 

heterogeneities have been estimated to imitate the presence 

of bones.
17

 Recent studies indicated attempts to 

manufacture gel dosimeters to simulate lung tissues either 

by producing foam of gel or by introducing polystyrene 

beads into gel mixture.
18

 

 

Gel Manufacturing and composition 

For decades ferrous sulphate (Fricke) solutions 

have been used in radiation dosimetry. These gels are 

attractive for 3D dosimetry as they are relatively easy to 

prepare, yield reproducible results and are tissue equivalent 

over a wide range of photon energies.
19

 

Dose distribution transformation of ferrous ions 

(Fe
+2

) into ferric ions (Fe
+3

) forms the basis of Fricke 

solutions, which is an acidic oxygenated solution of ferrous 

ions Fe
+2

. The chemical reactions account for the 

conversion of ferrous ions into ferric ions. When this 

solution is irradiated, there is formation of hydroproxy 

radical by the reaction of oxygen with the hydrogen atom, 

which is formed by decomposition of water. 

Additional reactions are required for conversion 

of ferrous ions into ferric ions. Ferric ion concentration is 

related to energy absorbed by the solution. Constituents 

needed for typical Fricke gel are ferrous ions, usually 

obtained from ferrous ammonium sulphate, deionized 

water, sulphuric acid, gel and oxygen. The gel is required 

for spatial stability of the radiation induced changes. 

Chemical probe for the dosimeter is provided by ferrous 

ion concentration. The sensitivity of gel also depends on 

oxygen concentration. To prevent the spontaneous 

conversion of ferrous to ferric ions, Fricke gel solutions 

should be kept in cool and dark place.
20

  

Fricke gel dosimeters are easy to form and can be 

modelled into different shapes. The dosimetrist properties 

of Fricke gel are strongly dependent on the gel 

composition, temperature and measurement conditions like 

time of measurement and Nuclear Magnetic Resonance 

(NMR) frequency.
21

 Unfortunately Fricke gel dosimeters 

are limited by poor spatial resolution due to diffusion of 

Ferric ions after irradiation of solution and consequently 

dose distribution is blurred. Attempts to reduce diffusion 

rates can be achieved by adding various gelling agents or 

chelating agents. The addition of these agents increases the 

permissible time between irradiation and measurement of 

dose distribution.
22

  

Diffusion problem of Fricke gels was resolved by 

the introduction of polymer gels which refers to 3D 

polymer network in a liquid medium. The network of the 

polymer is cross linked by strong (covalent) or weak 

(hydrogen) bonds. Preliminary work was conducted using 

varying concentration of polyacrylamide gel. The principle 

of operation is radiation induced polymerization and cross 

linking of N, N′-Methylene bis(acrylamide) and 

acrylamide.
23

 Upon irradiation, acrylic monomers 

polymerize and their degree of polymerization is dose 

dependent. A polymer gel contains water and gelatin along 

with cross linkers and monomers.
24

 The gelling agents 

such as agarose or gelatin are found advantageous as they 

provide mechanical stability. Spatial dosimetric 

information is preserved in polymer gels through gelling 

agents which keeps polymers in their point of formation.
25

 

As the irradiation properties depend to a large extent on the 

amount of water so typically 90% of gel constitutes water. 

When irradiated, highly reactive radicals and ions are 

formed in the process called “radiolysis”.
26

 

Oxygen sensitivity is an important issue in 

polymer gel dosimeters, therefore many attempts were 

made to remove oxygen. Normoxic Polymer gels were 

manufactured to solve the problem of oxygen 

contamination by adding oxygen scavenger.
27

 

Subsequently, many new formulas were investigated such 

as MAGAT, MAGAS, PAGAT and PAGAS.
28

 Further 

improvement in gel dosimeter, which can be easily 

prepared under normal levels of oxygen at room 

temperature, has been explored by many investigators. The 

acronym MAGIC has been used for these gels. This 

formulation consists of methacrylic acid, ascorbic acid 

(oxygen scavenger), gelatin and copper sulphate.
29

 

 
Composition of 1000g of 9 % MAGIC gels. 

 

Component Amount (g) 
  

Gelatin (300 bloom) 80 

Methacrylic acid 90 

Ascorbic acid 0.352 
CuSO4.5H2O 0.02 

Hydroquinone 2.0 

Water (HPLC grade) 828 
  

 

Recent work includes the development of new 

class of dosimeters called PRESAGE. This three-

dimensional dosimeter consists of optically clear 

polyurethane matrix, containing a leuco dye and halogen 

containing free radical indicators. PRESAGE has optical 

attenuation coefficient that changes linearly with absorbed 

dose.
30,31

  

These gels are more advantageous than Fricke 

gels because of their stability and non-diffusion properties. 

On a positive note, these gels are not energy dependent 

over a large range of photon energies and are also tissue 

equivalent. Although much advances have been made in 

this field still Fricke gels are preferred in clinical 

applications because of the complicated fabrication process 

and greater cost of polymer gels.
32-33
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Irradiation of gels 

With the improvements in radiation therapy, 

many treatment planning softwares are introduced which 

compute absorbed dose in 3D space. These sophisticated 

computational tools reduce the error in intended dose 

distribution which otherwise could result in incorrect dose 

to target cells as well as to normal healthy tissue.
34

 The 

monotonous variation in the properties of the gel, when 

radiation dose is applied, can be calculated using various 

imaging techniques such as X-rays, optical Computed 

Tomography (optical CT), ultrasound and Magnetic 

Resonance Imaging (MRI).
35

 To verify complex radiation 

doses such as in intensity modulated radiotherapy 3D 

techniques are preferable for systematic analysis rather 

than 2D techniques such as radiographic films. In gel 

dosimetry, gels can be designed into humanoid form thus 

making all anatomical measurements possible. Therefore, 

gel dosimetry is referred to as a basic tool to measure 3D 

dose distribution which can be computed by advanced 

computing softwares.
36

 

Before the inception of application of MRI for 

scanning gel dosimeters in 1984, post irradiation of color 

changes in dyes was used to measure absorbed dose in 

gels. A number of researchers has investigated clinical 

aspects of Fricke gels using MRI and they found that 

conversion of ferrous ions into ferric ions changes the 

paramagnetic properties of the gel which can be measured 

using NMR relaxation measurements. This results in a 

reduction of spin relaxation times (T1 and T2) of hydrogen 

nuclei in the aqueous gel. Changes in spin relaxation times 

are computed using NMR techniques.
37

 Dose sensitivity of 

the gel depends on ferrous sulphate concentration.
38

 

Diffusion of ferric ions into the gel limits the use of MRI 

technique for Fricke dosimeters.
39

 MRI is used to obtain 

precise 3D dose distribution of polymer gel dosimeters 

with high spatial resolution. When polymer gels are 

irradiated there is a variation in mobility of surrounding 

water molecules which results in alteration of spin lattice 

relaxation rate R1 (=1/T1) and spin relaxation rate R2 (=1/ 

T2). R2 is more sensitive to dose response then R1. Later it 

was proved that besides relaxation rates R1 and R2, 

chemical shift and Magnetic Resonance contrast are also 

used as imaging parameters.
40

  

Three dimensional images were obtained using 

X-ray CT. However, in 1996, Gore et al acquired images 

using visible light, thus introducing the idea of Optical CT. 

It works on the principle that when the gel is irradiated, it 

no longer remains optically transparent to visible light 

rather it becomes opaque due to polymerization.
41

 

Evaluation of gels using optical CT is a promising tool for 

3D dose verification. Principle on which dose distribution 

in gels is imaged by CT depends on linear attenuation 

coefficient of polymer gels after irradiation. Varying 

intensity results in changes in linear attenuation coefficient. 

Dose distribution is secured from 3D reconstruction of 

attenuation coefficient of gel dosimeter. The CT number 

rises with the increase in absorbed dose. Additionally, by 

increasing monomer concentration, sensitivity of gel 

increases. Studies indicated that x-ray CT serve as 

evaluation tool for measuring dose response of polymer 

gels and have advantages, which are the availability of 

economical CT scanners for imaging in-phantom dose 

measurements in radiotherapy treatments and short 

imaging times. It is emerging as a good alternative to MRI 

which is gold standard imaging modality.
42-44

 To read out 

the dosimeters, other imaging techniques besides MRI and 

CT have also been explored. 

 

Characteristics of gel dosimeters 

Many studies have suggested the criteria for 

reliable dosimeters. Gel dosimeters must have stable and 

well defined dose response with time, should be tissue 

equivalent and should be operated in available radiation 

units. Moreover, a good dosimeter should be independent 

from environmental factors and changes in spectral range 

during gel irradiation.
26

 Gel dosimeters are affected by 

factors such as light and oxygen contamination, 

temperature, concentration of cross linkers, gel pH and gel 

toxicity. Oxygen contamination degrades the performance 

of gels by removing free radicals produced by irradiation. 

Free oxygen must be removed from gels to solve this 

problem. For many years an appropriate amount of 

nitrogen was bubbled through gel solution. However 

problem of oxygen contamination was completely 

removed by formulation of new gel known as MAGIC 

gel.
45

 

The sensitivity of polymer gels is also affected by 

changes in temperature.
46

 It is therefore important that 

before irradiation and imaging by MRI, gels equilibrate to 

a uniform temperature. It has been reported that relaxation 

rate R2 of the gel increases with pH. Poor reproducibility 

of dose responses is associated with acidic pH. Besides 

many other explanations, multi-equilibria proton exchange 

model was used to indicate the dependence of relaxation 

rate on pH. It is noted that reproducible pH response is 

achieved using gel with neutral pH.
47

 In spite of enhanced 

dosimetric capabilities of polymer gels, its use requires 

careful handling as acrylamide used in polymer gels is 

neurotoxic and carcinogenic in humans. Some of these 

concerns have been reduced by replacing acrylamide with 

other monomers such as Di-Acetone Acrylamide (DAA), 

N-Vinyl Formamide (NVF) and Niso-Propyl Acrylamide 

(NIPAM). These alternatives are highly water soluble and 

less toxic than acrylamide.
48

 

 

Conclusion 
 

Gel dosimetry offers the promise of precise and 

appropriate 3D dose measurement over conventional 

dosimeters. A lot of work has been done to make these 

gels less toxic and user friendly. These gels offer 

advantages such as tissue equivalence, measurement of 
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precise dose and high spatial resolution. Analyzing the 

body of published data on Fricke gel dosimeter indicated 

that they have an important role in radiotherapy because 

they are simple, reproducible and can be modeled in 

different shapes. However, their use is limited due to 

diffusion problem. Diffusion problem of Fricke gels is 

resolved by the introduction of polymer gels which 

accurately measure three-dimensional dose distribution 

with good spatial resolution. Polymer gels are more 

advantageous then Fricke gels because of their stability 

and non-diffusion property. However, polymer gels are 

effected by oxygen contamination and concentration of 

cross linkers. It is necessary to remove free oxygen from 

gels. To extract accurate dose information imaging 

modalities of choice are MRI, X-ray CT and Optical CT. 

CT scanning emerged as an alternative to MRI for 

imaging in-phantom dose measurements in radiotherapy 

treatment because of their availability and cost 

effectiveness. Although much advances have been made 

in this field, but because of perceived inconvenience it 

finds little acceptance in clinic. It is incumbent for the 

key members working in this field to encourage wider 

use of gels. 
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