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Abstract 
With growing complexity in radiotherapy treatment delivery, it has become mandatory to check each and every treatment plan before implementing clinically. This process is currently administered by an independent secondary check of all treatment parameters and as a pre-treatment quality assurance (QA) check for intensity modulated radiation therapy (IMRT) and volumetric modulated arc therapy treatment plans. Although pre-treatment IMRT QA is aimed to ensure the correct dose is delivered to the patient, it does not necessarily predict the clinically relevant patient dose errors. During radiotherapy, treatment uncertainties can affect tumor control and may increase complications to surrounding normal tissues. To combat this, image guided radiotherapy is employed to help ensure the plan conditions are mimicked on the treatment machine. However, it does not provide information on actual delivered dose to the tumor volume. Knowledge of actual dose delivered during treatment aid in confirming the prescribed dose and also to replan/reassess the treatment in situations where the planned dose is not delivered as expected by the treating physician. Major accidents in radiotherapy would have been averted if real time dosimetry is incorporated as part of the routine radiotherapy procedure. Of late real-time dosimetry is becoming popular with complex treatments in radiotherapy. Real-time dosimetry can be either in the form of point doses or planar doses or projected on to a 3D image dataset to obtain volumetric dose. They either provide entrance dose or exit dose or dose inside the natural cavities of a patient. In external beam radiotherapy, there are four different established platforms whereby the delivered dose information can be obtained: (1) Collimator; (2) Patient; (3) Couch; and (4) Electronic Portal Imaging Device. Current real-time dosimetric techniques available in radiotherapy have their own advantages and disadvantages and a combination of one or more of these methods provide vital information about the actual dose delivered to radiotherapy patients.
© 2013 Baishideng. All rights reserved.
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Core tip: Treatment outcome in radiotherapy is highly dependent on the dose delivered to the tumor volume with minimal dose to the surrounding critical structures. Real-time dosimetry plays a crucial role in assessing the accuracy of dose delivered to patients undergoing radiotherapy. Several radiotherapy accidents would have been avoided if real-time dosimetry was part of the radiotherapy treatment procedure. This article highlights different approaches to assess real-time dosimetry in external beam radiotherapy.
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Radiotherapy plays a vital role in the treatment of cancer. Advances in external beam radiotherapy, such as three-dimensional conformal radiotherapy and intensity modulated radiation therapy (IMRT), tightly conforms dose to the target volume, in turn reducing dose to the surrounding critical structures. Highly conformal dose distribution in the presence of critical structures is possible with IMRT due to its capability of achieving a very rapid dose fall-off. Clinical studies have demonstrated that conformal and high dose radiation treatments equate to an increase in the tumour control probability with reduced normal tissue complication probability[1-3]. This can only be achieved if the dose is delivered precisely to the target volume. Whilst there are a number of factors that affect precision in delivered dose, usually the most important factor is misalignment of the patient. Any misalignment or wrong patient setup during high dose radiotherapy may have serious consequences on the treatment outcome. Thus, it is increasingly important to position the patient precisely and to regulate or monitor the position of the internal organs. Image guided radiotherapy aids in precisely positioning the patient to the treatment isocentre. The local control, morbidity and survival rates of radiotherapy patients depend on the accuracy of radiation dose delivered to the tumor volume and avoidance of dose to peripheral normal tissue. Knowledge of the actual dose delivered is critical to our understanding of the physical parameters that determine the radiation response of a tumor. This knowledge will assist in optimizing the dose delivered to the tumor volume on an individual patient basis. Verification of the actual treatment delivery can prevent errors that may entail severe consequences to the patient and achieve the efficacy of treatment. Several radiotherapy incidents have led to serious injury or death such as in Panama[4], Exeter (UK)[5] and Costa Rica[6]. Moreover, it is reasonable to suggest that recent accidents in Epinal (France)[7] and Glasgow (UK)[8] could have been avoided if the delivered dose had been verified during treatment. Several international agencies such as IAEA, ICRP, WHO and professional societies of radiation oncology such as AAPM, ESTRO, NACP etc., recommend the use of in vivo dosimetry as a possible solution to avoid radiotherapy accidents.
It has become mandatory to check each and every component of a treatment plan before implementing clinically. This process is currently administered as secondary check and as a pre-treatment quality assurance (QA) with IMRT and volumetric modulated arc therapy treatment plans. Although pre-treatment IMRT QA is aimed to ensure the correct dose is delivered to the patient, it does not necessarily predict the clinically relevant patient dose errors during treatment as the measurement is usually performed on a water equivalent phantom[9]. During radiotherapy, treatment uncertainties arise from setup error, tumor deformation or shrinkage, and organ motion that ultimately lead to dose variation. This variation affects tumor control and the chance of increased normal tissue complications. To combat this, image guided radiotherapy helps ensure the plan conditions are mimicked on the treatment machine. However, it does not provide information regarding whether the plan dose is delivered to the tumor correctly. There are several means of evaluating the dose delivered, but currently there is no system developed to allow for rapid real-time assessment. Within the linear accelerator there are four established platforms whereby the delivered dose information can be obtained: (1) Collimator; (2) Patient; (3) Couch; and (4) Electronic Portal Imaging Device (EPID).
At the collimator level, dose information could be obtained by two methods. The first method involves ascertaining the leaf positions and/or field defining apertures during treatment delivery. The dose information could be obtained with simple dose calculation by simulating the position of these leaves and or apertures onto the planning computed tomography (CT) or cone beam computed tomograph (CBCT) scans. Alternatively, the relevant dose information could be achieved by the application of external attachments to the collimator. Such external attachments may include a multi-wire transmission ionization chamber[10] or a 2D-array of detectors[11] attached to the collimator. These methods rely on the patient CT data for 3D dose calculation and require either pre or post treatment CBCT to estimate the real-time dose delivered to the patient. The measured dose at the collimator level is projected onto the image datasets to obtain the 3D dose distribution. The most commonly employed methodology in radiotherapy to estimate the dose during radiotherapy is at the patient level and often called as in-vivo dosimetry. It is performed by directly placing the detectors on the patient surface or inside the natural cavities of a patient during treatment. There are a number of detectors (dosimeters) commonly used for determining the dose that includes thermoluminiscence detectors[12], diodes[13], MOSFETs[14], diamond detectors[15], films[16], optical stimulated luminescence detectors[17], scintillation detectors[18,19] and radio photoluminescence detectors[20] etc. In most cases, the measured dose from these dosimeters is usually assessed at one or more points on the patient skin surface or inside the natural body cavities. The main aim of in-vivo dosimetry is to detect large errors and prevent potential misadministration. Usually an action level of ± 5% is used for simple treatments and ±7 % for complex treatments. In-vivo dosimetry acts a potential tool for detecting systematic errors that may escape data transfer/MU calculation checks[21]. The in-vivo dosimeters are usually used for estimating the dose to organs at risk and in certain cases to verify the dose to the target volume. It is routinely used for most of the time to ensure that the dose to critical structure does not exceed its tolerance dose. The measured critical structure dose can also be used to correlate with toxicity. In-vivo dosimetry is also widely used to assess the out-of-field doses (gonads, spinal cord, lens etc.,) during radiotherapy which may predict complications/associated risk of second cancers with high energy photon beam[22,23].
Recently, a couch-based real time dosimeter has been proposed that can be used for verifying the dose delivered to the patient by embedding a 2D array of detectors in the treatment couch[24]. It provides either exit or entrance dose depending on the gantry or couch position and it is a viable tool for performing daily quality assurance in radiotherapy. This device has the potential of measuring the doses for non-coplanar beam but has limitations in measuring the dose at lateral cardinal angles. Another device that can be used to obtain dose information is an EPID, which was originally designed to verify patient positioning and is currently used for quality assurance and transit dosimetry (such as in the pre-treatment verification of IMRT )[25]. In the instance of transit dosimetry, the EPID creates a fluence map and converts this to dose via calibration of the EPID image using an appropriate algorithm. The energy fluence maps acquired from these devices are back projected and deposited to a volumetric dataset (CT/CBCT) captured either during treatment or on the planning CT. The delivered dose is reconstructed from the deposited energy fluence in each voxel of the volumetric dataset after correcting for attenuation coefficients. One of the important drawbacks of EPIDs is the practical difficulty in measuring the dose to most of the non-coplanar beams due to physical limitations as the imager would collide with the treatment couch. This disadvantage could be overcome by combining a couch-based dosimetry system with EPID for real-time dosimetry. With existing technology, 3D in-vivo dosimetry can be achieved with collimator based/EPID based methodology. In clinical situations, 3D in-vivo dosimetry helps in assuring the prescribed dose is delivered as expected by the treating physician and also for adaptive radiotherapy. Especially for tumors that are prone to movement during treatment, 4D real-time dosimetry is currently being investigated as a possible solution[26,27,28]. With evolving technology, the implementation of real-time dosimetry routinely is becoming a reality and this may avert major accidents in radiotherapy. Current real-time dosimetric techniques available in radiotherapy have their own advantages and disadvantages and a combination of one or more of these methods may provide vital information about the dose delivered to radiotherapy patients. Real time dosimetry in conjunction with image guidance will be a critical combination in moving forward towards high-precision radiotherapy.
REFERENCES
1 Kuban D, Pollack A, Huang E, Levy L, Dong L, Starkschall G, Rosen I. Hazards of dose escalation in prostate cancer radiotherapy. Int J Radiat Oncol Biol Phys 2003; 57: 1260–8 [PMID: 14630260 DOI: 10.1016/S0360-3016(03)00772-7]

2 Hurkmans CW, Cho BC, Damen E, Zijp L, Mijnheer BJ. Reduction of cardiac and lung complication probabilities after breast irradiation using conformal radiotherapy with or without intensity modulation. Radiother Oncol 2002; 62: 163–71 [PMID: 11937243 DOI: 10.1016/S0167-8140(01)00473-X]

3 Tubiana M, Eschwege F. Conformal radiotherapy and intensity-modulated radiotherapy. Acta Oncologica 2000; 39: 555–67 [PMID: 11093364 DOI: 10.1080/028418600750013249]

4 Vatnitsky S, Ortiz Lopez P, Izewska J, Meghzifene A, and Levin V. The radiation overexposure of radiotherapy patients in Panama 15 June 2001. Radiother Oncol 2001; 60: 237-8 [PMID: 11514002 DOI: 10.1016/S0167-8140(01)00417-0]

5 Tobias JS. What went wrong at Exeter? BMJ 1988; 297: 372-3 [PMID: 3408974 DOI: 10.1136/bmj.297.6645.372]

6 International Atomic Energy Agency (IAEA), Accidental Overexposure of Radiotherapy Patients in San José, Costa Rica. Vienna: Special publication series, 1998
7 Ash D. Lessons from Epinal. Clin Oncol 2007; 19: 614-615 [PMID: 17656077 DOI: 10.1016/j.clon.2007.06.011]

8 Williams MV. Radiotherapy near misses, incidents and errors: radiotherapy incident at Glasgow. Clin Oncol 2007; 19: 1-3 [PMID: 17305249 DOI: 10.1016/j.clon.2006.12.004]

9 Nelms BE, Zhen H, Tomé WA. Per-beam, planar IMRT QA passing rates do not predict clinically relevant patient dose errors. Med Phys 2011; 38: 1037-44 [PMID: 21452741 DOI: 10.1118/1.3544657 ]
10 Poppe B, Looe HK, Chofor N, Rühmann A, Harder D, Willborn KC. Clinical performance of a transmission detector array for the permanent supervision of IMRT deliveries. Radiother Oncol 2010; 95: 158-65 [PMID: 20138379 DOI: 10.1016/j.radonc.2009.12.041]
11 Godart J, Korevaar EW, Visser R, Wauben DJ, Van't Veld AA. Reconstruction of high-resolution 3D dose from matrix measurements: error detection capability of the COMPASS correction kernel method. Phys Med Biol 2011; 56: 5029-43 [PMID: 21772084 DOI: 10.1088/0031-9155/56/15/023]

12 Koshy M, Paulino AC, Marcus RB Jr, Ting JY, Whitaker D, Davis LW. Extra-target doses in children receiving multileaf collimator (MLC) based intensity modulated radiation therapy (IMRT). Pediatr Blood Cancer 2004; 42: 626-30 [PMID: 15127418 DOI: 10.1002/pbc.20030]

13 Lancaster CM, Crosbie JC, Davis SR. In-vivo dosimetry from total body irradiation patients (2000-2006): results and analysis. Australas Phys Eng Sci Med 2008; 31: 191-5 [PMID: 18946976]
14 Prabhakar R, Julka PK, Malik M, Ganesh T, Joshi RC, Sridhar PS, Rath GK, Pant GS, Thulkar S. Comparison of contralateral breast dose for various tangential field techniques in clinical radiotherapy. Technol Cancer Res Treat 2007; 6: 135-8 [PMID: 17375976]
15 Nam TL, Keddy RJ, Burns RC. Synthetic diamonds as in vivo radiation detectors. Med Phys 1987; 14: 596-601 [PMID: 3041187]

16 Su FC, Shi C, Papanikolaou N. Clinical application of GAFCHROMIC EBT film for in vivo dose measurements of total body irradiation radiotherapy. Appl Radiat Isot 2008; 66: 389-94 [PMID: 18023587 DOI: 10.1016/j.apradiso.2007.09.015]

17 Bao Q, Hrycushko BA, Dugas JP, Hager FH, Solberg TD. A technique for pediatric total skin electron irradiation. Radiat Oncol 2012; 7: 40 [PMID: 22433063 DOI: 10.1186/1748-717X-7-40]
18 Archambault L, Polf JC, Beaulieu L, Beddar S. Characterizing the response of miniature scintillation detectors when irradiated with proton beams. Phys Med Biol 2008; 53: 1865-76 [PMID: 18364543 DOI: 10.1088/0031-9155/53/7/004]
19 Liu PZ, Suchowerska N, Abolfathi P, McKenzie DR. Real-time scintillation array dosimetry for radiotherapy: the advantages of photomultiplier detectors. Med Phys 2012; 39: 1688-95 [PMID: 22482594 DOI: 10.1118/1.3690465]
20 Araki F, Kubo HD, Yang C, Ikegami T, Ishidoya T. Measurements of Gamma-Knife helmet output factors using a radio-photoluminescent glass rod dosimeter and a diode detector. Nihon Hoshasen Gijutsu Gakkai Zasshi 2004; 60: 67-8 [PMID: 15041907 DOI: 10.1118/1.1587451]
21 Fiorino C, Corletto D, Mangili P, Broggi S, Bonini A, Cattaneo GM, Parisi R, Rosso A, Signorotto P, Villa E, Calandrino R. Quality assurance by systematic in vivo dosimetry: results on a large cohort of patients. Radiother Oncol 2000; 56: 85-95 [PMID: 10869759 DOI: 10.1016/S0167-8140(00)00195-X]
22 Kase KR, Svensson GK, Wolbarst AB, Marks MA. Measurements of dose from secondary radiation outside a treatment field. Int J Radiat Oncol Biol Phys 1983; 9: 1177-83 [PMID: 6409854 DOI: 10.1016/0360-3016(83)90177-3]
23 King CR, Maxim PG, Hsu A, Kapp DS. Incidental testicular irradiation from prostate IMRT: it all adds up. Int J Radiat Oncol Biol Phys 2010; 77: 484-9 [PMID: 19733013 DOI: 10.1016/j.ijrobp.2009.04.083]
24 Prabhakar R, Cramb J, Kron T. A feasibility study of using couch-based real time dosimetric device in external beam radiotherapy. Med Phys 2011; 38: 6539-52 [PMID: 22149836 DOI: 10.1118/1.3660773]

25 Hansen VN, Evans PM, Swindell W. The application of transit dosimetry to precision radiotherapy. Med Phys 1996; 23: 713-21 [PMID: 8724745 DOI: 10.1118/1.597719]

26 Piermattei A, Cilla S, Grimaldi L, Viola P, Frattarolo L, D'Onofrio G, Craus M, Fidanzio A, Azario L, Greco F, Digesu C, Deodato F, Macchia G, Morganti AG. Real time transit dosimetry for the breath-hold radiotherapy technique: an initial experience. Acta Oncol 2008; 47: 1414-21 [PMID: 18663643 DOI: 10.1080/02841860802304572]

27 Lu W, Chen M, Ruchala KJ, Chen Q, Langen KM, Kupelian PA, Olivera GH. Real-time motion-adaptive-optimization (MAO) in TomoTherapy. Phys Med Biol 2009; 54: 4373-98 [PMID: 19550000 DOI: 10.1088/0031-9155/54/14/003]
28 Cherpak A, Ding W, Hallil A, Cygler JE. Evaluation of a novel 4D in vivo dosimetry system. Med Phys 2009; 36: 1672-9 [PMID: 19544784 DOI: 10.1118/1.3100264]
P-Reviewer Kim YH S-Editor Cui XM  L-Editor  E-Editor 
