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InIn vivo dosimetry in conformed radiotherapy 

Abstract t 

Purpose: : 
Conformall  radiotherapy requires accurate knowledge of the actual dose 
deliveredd to a patient. The impact of routine in vivo dosimetry, including its 
speciall  requirements, clinical findings and resources, is analyzed for three 
conformall  treatment techniques to evaluate its usefulness in daily clinical 
practice. . 

Material ss and methods: 
Basedd on pilot studies, routine in vivo dosimetry quality control (QC) 
protocolss were implemented in the clinic. Entrance and exit diode dose 
measurementss were performed during two treatment sessions for 378 patients 
havingg prostate, bladder and parotid gland tumors. Dose calculations were 
performedd with a CT-based three-dimensional treatment planning system. ïn 
ourr QC-protocol we applied action levels of 2.5% for the prostate and bladder 
tumorr group and 4.0% for the parotid gland patients. When the difference 
betweenn the measured dose at the dose specification point and the prescribed 
dosee exceeded the action level the deviation was investigated and the number 
off  monitor units (MUs) adjusted. Since an accurate dose measurement was 
necessary,, some properties of the on-line high-precision diode measurement 
systemm and the long-term change in sensitivity of the diodes were investigated 
inn detail. 

Results: : 
Thee sensitivity of all diodes decreased by approximately 7% after receiving 
ann integrated dose of 10 kGy, for 4 and 8 MV beams. For 34 (9%) patients the 
differencee between the measured and calculated dose was larger than the 
actionn level. Systematic errors in the use of a new software release of the 
monitorr unit calculation program, limitations of the dose calculation 
algorithms,, errors in the planning procedure and instability in the performance 
off  the accelerator were detected. 

Conclusions: : 
Accuratee in vivo dosimetry, using a diode measurement system, is a powerful 
tooll  to trace dosimetric errors during conformal radiotherapy in the range of 
2.5-10%,, provided that the system is carefully calibrated. The implementation 
off  an intensive in vivo dosimetry programme requires additional staff for 
measurementss and evaluation. The patient measurements add only a few 
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InIn vivo dosimetry in conformal radiotherapy 

Introductio n n 

Thee steepness of dose-effect curves for both local tumor control and normal 
tissuee complication requires an accuracy in dose delivery of 3 to 4% (one 
standardd deviation) (e.g. (18 and 19)). For dose escalation, often performed in 
combinationn with conformal techniques, a higher accuracy might even be 
required.. Therefore, an independent check of the actual dose given to patients 
treatedd with conformal therapy by means of in vivo dosimetry seems useful. 
Inn vivo dosimetry on a routine basis, using entrance dose measurements, is 
currentlyy performed in many institutions. For instance, results presented by 
Leunenss et al. (16 and 17), Nilsson et al. (20), and Noel et al. (21) have lead 
too modifications of treatment procedures. Besides entrance dose, exit dose 
measurementss are also often performed at high-dose/high-precision 
treatments.. From a combination of entrance and exit dose values, the midline 
dosee can then be obtained using various methods as described by Heukelom et 
al.. (9 and 10), Rizzotti et al. (24), and Van Dam and Marinello (25). The 
currentt practice of patient dose verification, including the experience of a 
numberr of centres, was recently reviewed (5). 
AA first attempt to use diode dosimetry in our clinic as part of a quality control, 
QC,, procedure of conformal radiotherapy was made by Heukelom et al. in 
19944 (10). During the study of the simultaneous boost technique of prostate 
cancerr (15), several aspects, such as the uniformity in transmission of the 
partiall  shielding plate and the dose delivered to the specification point during 
patientt treatment, were checked. Essers et al. (3) improved the dose 
calculationn procedure for the prostate treatment technique and checked the 
reproducibilityy of the dose delivered to patients and the accuracy of dose 
calculationss performed by our 3D treatment planning system U-MPlan (6). In 
addition,, a conformal technique for the treatment of the parotid gland tumors 
wass developed in our institution (4 and 14). For both techniques a QC 
protocoll  was drafted and introduced for routine use in the clinic. 
Thee first aim of this study was to investigate the requirements for in vivo 
dosimetryy during conformal radiotherapy. This long-term study gave us the 
opportunityy to evaluate the impact of in vivo dosimetry during conformal 
radiotherapyy in daily clinical practice, as well as to assess its costs and 
benefit.. The second aim of this study was to evaluate systematic and random 
errorss found during the routine application of in vivo dosimetry QC protocols 
forr the conformal treatment of patients with prostate, bladder and parotid 
glandd cancer. 
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Materiall  and methods 

Fromm January 1993 to June 1997, routine diode dose measurements were 
performedd as part of a conformal radiotherapy project. In this period 275 
patientss were treated for prostate cancer, 43 patients for bladder cancer and 60 
patientss for parotid gland cancer and other lateral lesions of the oropharynx, 
mandible,, neck and tonsil. The latter group of patients is called the parotid 
glandd group because about 80% of these patients had parotid gland tumors. 

hihi vivo dosimetry using diodes 

Forr all our studies, pre-irradiated p-type diodes (HDP-20, Scanditronix) with a 
22 cm water equivalent build-up layer of stainless steel are used. The diodes 
aree calibrated on a regular basis against an ionisation chamber that is 
positionedd with its effective center at the depth of dose maximum (3, 8 and 
10).. The calibration is performed with a polystyrene phantom positioned on 
woodenn bars over the thin Melinex part of the treatment couch. In this way we 
onlyy have to rotate the gantry for the determination of the entrance and exit 
calibrationn factor, Nu, of a diode, without moving the diodes. In order to 
quantifyy the sensitivity decrease of the diodes, the calibration was performed 
everyy other week for one of the energies. 
Sincee the diode sensitivity depends on various physical parameters, correction 
factorss C\ have to be applied to adjust the diode reading (e.g. (3, 4, 8, 9, 22 
andd 25)). All correction factors were determined for 4, 6 and 8 MV X-rays 
andd showed only small difference (8). The dose value at the entrance and exit 
pointt can now be obtained from: D^^R^^N^W^C^ where R ôd*  is the 
diodee reading. 
Inn order to obtain the dose from the diode reading one additional correction 
factorr was required for conformal treatments due to the presence of the tray 
andd blocks. This correction was dependent on SSD as well. Furthermore, if 
thee central beam axis was too close to the block edge then the diode was 
replacedd more to the center of the field {in the direction perpendicular to the 
wedgee direction, if a wedge was in the field). The conversion of the dose 
derivedd from the diode reading to the entrance or exit dose value required also 
speciall  attention if there was an air gap between the mask and the patient skin. 
Thesee problems arc discussed elsewhere (3 and 4). 
Usingg an empirical relationship, the midline dose can be obtained from a 
combinationn of the entrance and exit dose {8 and 24). The midline dose is 
definedd as the dose on the central axis of the beam in the middle of the 
patient.. Since the position of the dose specification point (usually the 
isocenter)) is generally slightly different from the midline position, the dose at 
thee specification point was determined by applying a small depth correction 
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onn the midline dose for the group of prostate patients (3). The agreement 
betweenn dose determinations using this method and ionisation chamber 
measurementss is 1% (1 SD) for homogeneous situations as well as for cases 
wheree the inhomogeneity is situated symmetrically with respect to the mid-
planee in the patient. For the parotid gland patient group, the dose at the 
specificationn point is determined by multiplying the measured entrance dose, 
Dentrance,, with a percentage depth dose value, using the radiological path 
lengthh between the dose specification point and dose maximum (4). 
Checkingg the dose during high-dosc/high-precision techniques by means of 
diodess requires a stable and reliable diode measuring system, DMS. The 
performancee of the home-made DMS-electrometer and the diodes were 
thereforee regularly checked on linearity and reproducibility. 

TreatmentTreatment techniques 

Mostt of the prostate cancer patients were treated using a three-field 
simultaneouss boost technique: an open anterior-posterior field and wedged 
laterall  fields. In this way the large regional field and the boost field are given 
simultaneously,, using customized 10-mm thick Roses metal blocks having a 
transmissionn of 63% in which the boost field is cut out (15). In a pilot study it 
wass shown that, on average, the dose at the specification point agreed with the 
3-DD calculations within 0.1%, while the uncertainty in the ratio was 1.2% 
(11 SD)(3). 
Inn April 1994 we started also treating bladder cancer patients using a 
conformall  technique. The treatment setup was identical to the prostate group, 
butt instead of using transmission blocks, 8 cm high customized Roses metal 
blockss were used. This technique was also applied for some of the prostate 
patients.. All patients from both the prostate and the bladder group were 
treatedd on Philips SL15/SL25 accelerators using 8 MV X-rays. 
Thee patients in the parotid gland group were irradiated using customized 
blockss and wedged beams from anterior and posterior oblique direction (14). 
Entrancee dose measurements performed in the pilot study showed that, on 
average,, the agreement between the measurements and calculations was 0.3% 
att the dose specification point, with an uncertainty of 2.1% (I SD) (4). The 
firstfirst 16 patients in the study were treated using 8 MV X-ray beams from 
Philipss SL15 accelerators. Since a better target coverage is obtained with 
lowerr energies (4), the patients were later on irradiated using a 6 MV beam, 
alsoo from a Philips SL15 accelerator, and currently with 4 MV X-rays from an 
ABBB accelerator. 

DoseDose calculations 

Dosee calculations were performed using our CT-based 3-D treatment 
planningg system (U-MPlan). The system uses the octree-edge model (6) for 
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calculatingg depth dose values for irregular fields. Electron densities are taken 
intoo account on a pixel by pixel basis, using an equivalent path length method. 
Thee number of MUs is calculated separately with a program developed in our 
institution,, which is connected to the planning system. The dose, prescribed at 
thee ICRU dose specification point (13), varied between 2 and 2.4 Gy per 
treatmentt fraction for all techniques, depending on the total dose given. 

InIn vivo dosimetry QC protocols 

Forr all techniques, in vivo dosimetry quality control protocols were 
implemented:: the dose at the specification point is derived using diode 
measurementss during two treatment sessions in the first or second week of the 
treatment.. The maximum allowed difference between these two 
measurementss is 2%, otherwise a third measurement has to be performed. 
Duringg these measurements the focus-skin distance is checked for each field 
andd compared with the planning data. 
Ann electronic portal-imaging device (EPID) is used during conformal 
treatmentss for checking the beam position with respect to the patient 
anatomyy (1). The EPID image also serves to determine the diode position 
relativee to the anatomy, to the central beam axis and to the field edges as well 
ass for checking a possible shielding of the exit diode by the entrance diode. 
Suchh a shielding, for which a correction can not easily be applied, can reduce 
thee dose measured by the exit diode to 7%. When an overlap was observed, 
thee result was rejected and a new measurement was performed. 
Thee correction criteria are as follows: if the deviation between measured and 
prescribedd dose is larger than 2.5% for the prostate and bladder technique or 
4.0%% for the parotid gland technique, the reason for this discrepancy has to be 
investigatedd and the number of MUs has to be adjusted. The action levels are 
twicee the standard deviation in the measurement uncertainty of the dose at the 
specificationn point ({3 and 4) and Table 7-1). After correction, the dose is 
againn verified using in vivo dosimetry during one of the following treatment 
sessions. . 
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Results s 

PerformancePerformance of the diode measurement system 

First,, the short-term change in sensitivity of our amplifier was determined. 
Duringg the warming-up time of the DMS, the diode signal decreased by about 
1.5%% over a period of 1.5 h for all channels except channel two, where the 
signall  changed by 3%. As a result of these findings we decided that the DMS 
mustt be turned on at least one hour before the start of each measurement. 
Nextt the long-term change in sensitivity of the diodes was determined. In 
1995,, the diodes received a cumulated dose of about 16 kGy, which caused an 
increasee in the calibration factor of about 11% (0.7%/kGy) for all diodes 
(Fig.. 7-1). It also turned out that the change in sensitivity of the diodes is 
similarr for the beam qualities (4, 6 and 8 MV) used for these treatments both 
forr entrance and exit dose measurements. The change in sensitivity can 
thereforee be measured for one beam quality and the calibration factors can 
thenn be adjusted for all other energies. 
Thee temperature correction can vary considerably within one set of diodes 
andd has therefore to be determined for each individual diode. Temperature 
correctionss of diodes also vary with time, i.e., integrated dose, and needed 
thereforee to be monitored regularly. The values of the temperature correction 
factorss ranged between 0.09 and 0.34%/°C, yielding an overall correction 
betweenn 0.991 and 0.967 at the skin of the patient (/djode=31°C), compared 
withh the calibration setup (/di0dc=22°C). 
Thee check of the whole treatment by means of a simulation procedure 
demonstratedd that the dose at the isocenter measured with diodes matched the 
dosee measured with an ionisation chamber within 1%. The dose at the 
isocenterr predicted by our treatment planning system and MU calculation 

Tabicc 7-1: Number of patients (N). average ratio of" measured and prescribed dose at the 
dosee specification point (X) before and after correcting the number of MUs for 26 prostate. 
11 bladder and 2 parotid gland cancer patients, as well as the standard deviation in this ratio 
(SD) ) 

Prostatee (/V=275) Bladder (N=43) Parotid gland (N=60) 
Beforee After Before After Before After 
correctionn correction correction correction correction correction 

,VV 1.012 1.004 1.006 1.006 1.003 1.001 
SDD 0.015 0.013 0.013 0.012 0.020 0.020 
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Figuree 7-1: Variation of the relative calibration factor, N/,. versus the cumulated 
(integrated)) dose of the diodes received during 1995 

programm deviated less than l% from the result from both measurement 
modalities,, for the three treatment teehniques (3 and 4). 

PatientPatient findings 

Forr the prostate patient group the ratio of measured and preseribed dose is 
plottedd in Fig. 7-2a. The figure shows that for 31 of the 275 prostate patients 
(ll  I%) the deviation between aetual and calculated dose was larger than the 
actionn level of 2.5% (see also Table 7-1). This number is larger than the 
expectedd number of 14 (5%) based on the experience of the pilot study (3). 
Thee number of MUs was changed for 26 patients; in 5 cases no correction was 
applied. . 
Forr the 43 patients of the bladder group the deviation between measured and 
calculatedd dose was of the same magnitude as for the prostate group (Fig. 7-
2b.. Table 7-1). Only one patient had to be corrected. The parotid gland group 
iss divided into three sub-groups according to the applied photon beam quality 
(( Fig. 7-2c). The first group is irradiated using 8 MV X-rays (0-17). the 
secondd group with 6 MV X-rays (18-35) and the third group (36-50) with 4 
MVV X-rays. Only 2 corrections (4%) had to be performed, which is in 
agreementt with the number expected from the pilot study. 
Tablee 7-1 shows the average ratio of the measured and prescribed dose for all 
patientss irradiated with the three techniques. For the prostate patient group the 
averagee ratio over 275 patients was 5 (1 SD) and after correcting 
266 patients 3 (1 SD). For the bladder patient group a somewhat 
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betterr result was obtained, where out of 43 patients only one patient had to be 
corrected.. After correction the results were similar to the prostate data. For the 
parotidd gland group of 60 patients the average ratio of the measured and 
prescribedd dose was good: 0 (1 SD) and only 2 patients had to be 
correctedd according to the decision criterion of the (X" protocol. 

Workload Workload 

Tablee 7-2 shows that the total time required for an intensive in vivo dosimetry 
programme,, measuring 2-3 new patients weekly increases the workload of a 
dedicatedd person by about 2 days per week (0.4 full-time equivalent of staff). 
Itt should be noted that only five to ten minutes have to be added to the total 
treatmentt time per patient at the accelerator, which is mainly required for an 
additionall  turning of the gantry to position the diode carefully at the exit side. 
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00 5 10 15 20 25 30 35 40 45 
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Figuree 7-2: Ratio of measured and prescribed dose, (a) for the prostate tumour group, 

(b)) for the bladder tumour group, and (c) for the parotid gland tumour group 
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Tablee 7-2: Time required performing an in vivo dosimetry QC programme during 
conformall  radiotherapy 

Actionn Time required per patient (h) 
Makingg the appointments 0.2 
Performingg two measurements 2.0 
Analysiss of the measurements 0.5 
Additionall  measurements 0.3 
Storingg of data 0.5 
Implementationn of corrected number 0.1 
off  monitor units 
Analysiss of discrepancies 0.8 

Additionall  time required (h/week) 
Phantomm tests 2.0a 

Administrativee work 1.0 
Consultationn with co-workers 2X) 

JJ Averaged over the period before and after the clinical implementation 

Discussion n 

Forr 34 of the 378 patients analyzed in this study, the action level of 2.5% for 
pelvicc treatments or 4.0% for parotid gland treatments was exceeded. For 9 
patients,, no explanation for the observed deviations, which were of the order 
off  3%, could be found. For 25 patients the source of the deviation was partly 
orr entirely retrieved (Table 7-3), Our routine in vivo dosimetry programme, as 
partt of a quality assurance programme of conformal radiotherapy, has 
revealedd errors in: 

 the monitor unit calculation program; 
 the choice of the dose specification point for wedged beams; 
 the dose calculation behind the femoral head; 
 the performance of the accelerator; 
 differences in patient geometry during irradiation and planning; 
 human errors in treatment planning procedures. 
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Tablee 7-3: Number of patienls (34/378=9%) with differences between measured and 
prescribedd dose larger than the action levels (2.5% for the prostate/bladder and 4% for the 
parotidd gland tumour patients) and the source and magnitude of the errors, which have 
beenn detected by means of in vivo dosimetry 

Patientt No. of patients Source of error 
group p 

Magnitude e 

Prostate e 

Bladder r 

Parotid d 
gland d 

Total l 

Wrongg SSD + PDD correction on 3.8 
thee wedge factor for the 
simultaneouss boost field 
Shiftt of the dose specification 4.2 
pointt towards the thinner part of 
thee wedge 
Positionn of the dose specification 3.3 
pointt behind the dense part of the 
femorall  head 
Higherr output for one of the 3.0 
laterall  fields, probably due to 
instabilityy of the accelerator 
Dosee distribution calculated on a 4.0 
non-CTT basis 
Unknownn 3.2 
Overlookedd shortcoming of the 3.2 
TPS S 
CT-artifactss due to metal teeth 5.0 
filling filling 
Isocentree depth to shallow 5.0 

34 4 

Fromm the first 35 patients only one case needed to be corrected, which is in 
correspondencee with the expected amount of 5% of the pilot study. In this 
groupp of patients the same measurement procedure and calculation program 
wass used as applied during the pilot study. 
Twoo systematic errors were introduced after implementation of a new release 
off  the MU calculation program due to a redefinition of the beam weights at 
thee isocenter instead of the point of dose maximum of each beam, which was 
usedd up to then. The first error occurred in that part of the program calculating 
thee number of MUs that corrects for the SSD dependence of the wedge factor 
(111 and 12). Due to this error a systematic overestimation up to 2% was 
introducedd for both lateral fields. Secondly, the percentage depth dose (PDD) 
correctionn was incorrect for the simultaneous boost field, since only the boost 

137 7 



ChapterChapter 7 

Figuree 7-3: Digitally reconstructed radiograph (left) derived from planning CT scans and 
portall  images (right) of the actual prostate treatment during in vivo dose measurements. The 
APP (top) and lateral field (bottom) images show the gas tillin g of the rectum and the 
presencee of the diodes. 

Heldd and not the large field was taken into account. The latter error caused an 
ovcrcstimationn in the number ot'MUs of 1.5% for the AP-field and of 4% for 
thee lateral fields. The total dose at the dose specification point was on average 
overestimatedd by 3.8% due to these two errors in the MU program and we had 
too correct the number of MUs for all 6 patients from this group (36 41). 
Analysiss of the discrepancies observed in the third group of prostate patients, 
startingg with number 42, showed that these deviations were due to a shift of 
thee dose specification point from the isocenter towards the thinner part of the 
wedge.. By mistake the beam weights were also chosen at that point and no 
longerr at the isocenter. The result was an incorrect MU calculation because 
ourr own MU program was only designed for dose calculations along the 
centrall  beam axes. For these reasons for 7 patients an overestimation of the 
calculatedd dose of 6% was found. 

138 8 



InIn vivo dosimetry in eonformal radiotherapy 

Forr another 2 patients a difference in dose up to 3.3% was detected. This 
couldd be explained partly by the fact that the dose specification point was 
positionedd behind the dense part of the femoral head. The 1-D tissue 
inhomogeneityy correction algorithm of the TPS underestimates the dose at 
thiss point. 
Inn the following group of patients (140-160) we observed for 5 patients a 
higherr dose, up to 7%, in one of the lateral fields (270° position), probably 
duee to technical problems with one of the accelerators. Apart from this 
unknownn behavior of the accelerator, we also encountered problems with our 
DMSS in the same period. This made us reluctant to use the in vivo dosimetry 
resultss for correcting the number of MUs in that period. When both problems 
weree solved, these 5 patients had already finished their treatment, so no 
adjustmentt of the number of MUs was made. 
TwoTwo more patients required a correction of about 4%, which was caused by a 
humann error in the planning procedure when calculations were performed on 
aa non-CT basis. 
Forr nine patients, including the one in the first group, no explanation for the 
observedd deviations, which were of the order of 3%, could be found. For these 
patientss the number of MUs was corrected based on the in vivo dosimetry 
resultss to arrive at the prescribed dose. 
Thee error in the bladder patient group was due to a shortcoming of our TPS 
thatt was known, but was overlooked by the dosimetrist. In this special case, 
thee X - jaws coincided with the outer boundary of the customized blocks in 
onee field, yielding an equivalent square that was miscalculated by a factor 4. 
Inn the portal images, applied for checking the position of the diodes during the 
prostatee and bladder irradiation, sometimes several cm of gas filling  in the 
rectumm was observed, located in the center of the AP-field behind the 
isocenter.. Fig. 7-3 shows, as an example, the discrepancy between the air 
fillingfilling  during the in vivo dose measurements in portal images and the rectal 
fillingfilling  in the corresponding digitally reconstructed radiographs obtained from 
thee planning CT images. As a result of this air filling , an increase in exit dose 
upp to 4% could occur yielding a too high dose at the isocenter if entrance and 
exitt dose values are combined. In these situations a new measurement was 
performed.. Currently we are estimating the dose enhancement due to the air 
fillingfilling  from the portal image by converting the EPID signal to dose (e.g. see 
(2)). . 
Forr one of the patients of the parotid gland tumor group the CT data were 
distortedd in the region of the parotid gland, due to the presence of metal teeth 
fillings.fillings. The conversion of Hounsfield units to electron densities could not be 
usedd for this particular patient. For the second patient in this group where the 
actionn level was exceeded, the isocenter was shifted towards the patient's skin 
andd again accurate dose calculation was not possible. It should be noted that 
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thee latest results of the parotid gland group have a smaller spread than 
originallyy (see Fig. 7-2c). This might be due to the greater experience in 
positioningg the diodes on the mask of the patient and/or the introduction of an 
improvedd head immobilization system during this study. 
AA summary of the patient results having differences between the measured 
andd prescribed dose exceeding the action level, is given in Table 7-3. 
Forr the prostate and bladder patient groups it was shown, that even after 
correction,, the average value of the ratio of measured to predicted dose is 
slightlyy larger than one (Table 7-1). Careful analysis of the ratio of the exit-to-
entrancee dose showed a systematic difference for the left and right lateral 
field.. It turned out that for one of the diodes, which was already used for a 
longg time period, the temperature correction factor was changed from 0.987 to 
0.967.. As a result the dose at the isocenter is overestimated by 1.0%. Because 
itt was estimated that this ovcrresponsc occurred gradually during the last 8 
monthss of the study, the overall effect would be a reduction in the average 
ratioo of about 0.2%, i.e., only part of the systematic difference can be 
explainedd by this effect. 
Thesee in vivo dosimetry QC protocols were introduced to ensure a precise 
dosee delivery to the target volume during conformal techniques and dose 
escalationn studies. For this purpose, we investigated both the properties of the 
diodee system as well as the origin of deviations between measured and 
prescribedd dose values. Our results showed that the patients involved in these 
studiess received an average dose at the dose specification point within 0.6% 
comparedd with the specified value and a standard deviation of 1.3, 1.2 and 
2.0%% for the prostate, bladder and parotid gland group, respectively. These 
resultss are better than published in vivo dosimetry results for non-conformal 
treatmentt (5). In that review it is shown that most studies revealed in 3 to 10% 
off  the treatments errors larger than 5% for specific patient groups or when no 
verificationn system was available at the accelerator. In our study this number 
iss 0.8% (3/378). This is in agreement with the result from some other recent 
studiess on comprehensive QA programmes. From these studies, it could be 
concludedd that in centres having modern equipment with verification systems, 
aa systematic error larger than 5% is still present for 0.5 to 1% of the patient 
treatmentss (5). 
Highh precision in vivo dosimetry is a labor-intensive procedure. The 
estimatedd time required for the various steps involved in performing in vivo 
dosimetryy routinely during conformal radiotherapy in our institution is 
summarizedd in Table 7-2. After entering the data for the measurement flics in 
thee DMS, the actual dose measurements can be performed and differences 
betweenn actual and planned setup and patient geometry are assessed and 
stored.. During these conformal treatments, electronic portal images were 
madee and evaluated which sometimes resulted in additional measurements. If 
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thee action level of the protocol was exceeded, the number of MUs had to be 
corrected.. A major effort was put on the study of the origin of the 
discrepanciess between observed and prescribed dose values. The time 
requiredd for these studies was considerable, particularly at the start of the in 
vivoo dosimetry programme, and difficult to quantify. Furthermore, phantom 
checkss were performed before the QC protocol was implemented and after 
eachh modification of the procedure, e.g. after the change of photon beam 
qualityy during the parotid gland treatment. In addition, about every two weeks 
thee diodes were calibrated while twice a year a check of the correction factors 
wass performed for different energies. Administrative work and consultations 
withh co-workers of the working group for conformal radiotherapy were 
importantt and took 3 h per week on average. 
Ourr in vivo dosimetry programme is different from the way many other 
groupss perform patient dose measurements. Due to the high precision we 
weree aiming at, a number of additional tests and investigations were 
performedd to explain the observed discrepancies. As a consequence the time 
devotedd to estimating the in vivo dose in this way is rather large and might be 
unacceptablee in most centres. Costs, workload and available staff required for 
inn vivo dosimetry are related to the accuracy aimed at and have are discussed 
extensivelyy elsewhere (5). The goal of an in vivo dosimetry programme 
thereforee has to be well defined. 
Inn vivo dosimetry, as part of a quality assurance programme, requires 
additionall  manpower. As a result of our learning process, we were able to 
reducee the overall time required for in vivo dosimetry during the period of 
thiss investigation, which is illustrated by a few examples below. Due to 
changess in sensitivity with cumulated dose, frequent calibration of the diodes 
iss necessary for accurate patient dose measurements. For an accuracy of the 
calibrationn factor within about 0.5% (1 SD), calibration needs to be performed 
afterr a cumulated dose of about 1 kGy. This knowledge resulted in an increase 
off  the calibration interval from two weeks in the beginning of this study every 
too three weeks nowadays. Combining diode calibration and checks of 
correctionn factors for different energies has also reduced the measurement 
timee considerably. Furthermore, using fixed values for the correction factors 
insteadd of customized values for each prostate and bladder patient has reduced 
thee time needed in the preparation procedure. When the mean correction 
factorr for 48 prostate patients was calculated, the standard deviation was less 
thann 0.4%. Finally, the correction factors change slightly as a function of 
integratedd dose received by the diodes, due to irradiation damage and should 
thereforee also be checked regularly, e.g. after about 5 kGy (8 and 25). We 
usedd a frequency of twice a year, which was sufficient to stay within an 
accuracyy limit of 0.5%). 
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Ann important question is: could the errors found in this study also be traced 
byy using other, less time consuming, verification methods such as an 
independentt monitor unit calculation program. A check of the monitor unit 
calculationss has an accuracy of about 3-4%, because CT-information is not 
usedd and is therefore on the borderline of the action levels adopted in our 
studies.. Adding an average correction factor for the presence of femur heads 
forr this prostate technique of 9 (1 SD) to correct the dose at the 
dosee specification point, improved the accuracy of an independent MU-check. 
Althoughh an independent check of the MU calculation can trace gross errors 
inn the dose calculation procedures, in vivo dosimetry delineates also other 
errorss during the patient treatment process such as errors in the actual 
treatmentt setup of the patient and the performance of the accelerator. 
Severall  groups are currently investigating the use of portal images for 
measuringg transmission dose distributions (e.g. (2, 7, 12 and 23)). From these 
two-dimensionall  transmission dose distributions, exit dose distributions can 
bee deduced which can be converted to midplanc doses. The use of such a 
detectorr system would provide the midplane dose in the entire field and not 
onlyy at the dose specification point. These systems might be an alternative to 
thee use of diodes, because both geometric and dosimetric verification of the 
patientt treatment can be performed with one measurement device. 
Itt was the intention of this study to trace at an early stage systematic and 
randomm errors in the dose delivery as indeed were discovered {see Table 7-3). 
Suchh an approach requires a relatively large amount of additional 
measurementss to understand the origin of these discrepancies. A simpler and 
lesss time consuming approach would be to correct all patients on the basis of 
theirr in vivo dosimetry results without extensive investigation of the cause of 
thee deviation. Such a procedure can, however, only be applied after a period 
off  extensive dosimetric testing of a new treatment technique or of a new 
releasee of a MU calculation program. In vivo dosimetry is therefore a 
valuablee addition to such an extensive, and probably never complete, 
investigationn of test situations. 

Conclusions s 

Thee results of this study show that for patients treated with conformal 
radiotherapyy techniques, where a high accuracy in dose delivery is required, a 
routinee in vivo dosimetry protocol is very useful. Using such a protocol, 
randomm as well as systematic errors in the dose calculation or dose delivery 
cann be traced and corrected. In this study, in 9% of the cases of a total of 378 
patientss errors in dose delivery larger than the action level were discovered 
andd corrected. Without the in vivo dosimetry programme a higher incidence 
off  errors might have occurred due to undetected systematic errors. Correction 
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off  systematic errors that were discovered by an in vivo dosimetry programme 
mightt lead to improvement of the accuracy of other treatments as well. 
However,, several requirements have to be fulfilled to perform accurate in 
vivoo dosimetry: a stable and accurate diode measurement system is needed, 
thee diode calibration factors as well as the correction factors have to be 
measuredd frequently while portal images are necessary to check the diode 
positionn during treatment. If these conditions are met, errors in dose delivery 
ass small as 2.5% caused by changes in the 3-D dose calculation program, in 
thee treatment setup, in the beam parameters and even in the performance of 
thee accelerator, can be traced using in vivo dosimetry. As an overall result of 
thiss in vivo dosimetry programme, the actual dose delivered to the group of 
3188 patients having a prostate or bladder tumor deviated, on average, about 
0.5%.. The maximum deviation was never more than 2.5% from the prescribed 
value,, except for the 5 uncorrected prostate patients with a mean deviation of 
3%.. For the 60 patients of the parotid gland tumor group, the average 
deviationn was 0.1% and the maximum deviation less than 4%. Such very 
homogeneouss dose groups allow the assessment of reliable clinical dose-
effectt relations. 
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