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InIn vivo chsimettT in a randomized trial 

Abstract t 

Purpose: : 
Too guarantee an accurate dose delivery, within , in a phase III 
randomizedd trial of prostate cancer irradiation {68 vs. 78 Gy) by means of a 
comprehensivee in vivo dosimetry programme. 

Material ss and methods; 
Prostatee patients are generally treated in our clinic with a three-field isocentric 
technique;; one 8 MV AP beam and two 18 MV wedged laterals. All fields are 
shapedd conformally to the PTV. Patients were randomized between two dose 
levelss of 68 Gy and 78 Gy. During treatment the entrance and exit dose were 
measuredd for each patient with diodes. Special 2.5-mm thick steel build-up 
capss were applied to make the diodes also appropriate for measurements in 18 
MVV photon beams. Portal images were used to verify the correct position of 
thee diodes and to detect and correct for gas fillin g in the rectum that may 
influencee the exit dose reading. Entrance and exit dose measurements were 
convertedd to midplane dose, which was used in combination with a depth 
dosee correction, to obtain the dose at the specification point. An action level 
off  2.5% was applied. 

Results: : 
Thee added build-up for the diodes in the 18 MV beams resulted in correction 
factorss that were only slightly sensitive to changes in beam setup and 
comparablee to the corrections used in the 8 MV beams for diodes without 
extraa build-up. The calibration factor increased almost linearly with 
cumulativee dose: 0.7 %/kGy for the 8 MV and 1.2%/kGy for the 18 MV 
photonn beams. The introduction of average correction factors made the 
analysiss easier, while keeping the accuracy within acceptable limits. In a 
periodd of three years, 225 patients were analyzed, from which 8 patients 
neededd to be corrected. The average ratio of measured and prescribed dose 
wass 1.009 (SD 0.012) for the total group treated on two linear accelerators. 
Whenn the results were analyzed per accelerator, the ratios were 1.002 (SD 
0.001)) for accelerator A and 1.015 (SD 0.001) for accelerator B. This 
differencee could be attributed to the cumulative effect of three small 
imperfectionss in the performance of accelerator B that were well within the 
limitss of our quality assurance programme. 
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Conclusion: : 
Diodess can be used for accurate in vivo dosimetry during prostate irradiation 
inn high-energy photon beams. The dose delivery in this randomized trial is 
guaranteedd within the 2.5% limits on an individual patient basis. This could 
nott be achieved without the in vivo dosimetry programme, despite our high 
standardd quality assurance programme of treatment delivery. 

Keyy Words: 
Conformall  radiotherapy, In vivo dosimetry, Diodes, 3-D dose calculation, 
Monitorr unit calculation 
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InIn vivo dosimetry in a randomized trial 

Introductio n n 

Inaccuraciess in dose delivery may influence the outcome of any radiotherapy 
treatment,, due to the steepness of dose-effect curves for both local tumor 
controll  and normal tissue complications. Zelefsky et al. reported a PSA-
correctedd disease free survival of 81% and 93% for prostate tumors at a dose 
levell  of 64.8 and 70.2 Gy respectively (1). Other results, claimed by Hanks et 
t"//.,, are showing a 64% and 86% PSA-corrected disease-free survival for dose 
levelss of <71 Gy and >73 Gy tumor dose respectively (2). 
Inn 1998, a study started in our clinic in Amsterdam and the Doctor Daniel den 
Hoedd Cancer Center (DDHCC) in Rotterdam to test the hypothesis that higher 
radiationn doses lead to a higher local control rate in a phase III randomized 
trial.. The results are also applied to validate normal tissue complication 
probabilityy models of rectum and bladder. The prostate patients are 
randomizedd between a dose prescription of 68 Gy and 78 Gy. A high 
precisionn dose delivery is of essential importance in this trial and in vivo 
dosimetryy (IVD) measurements are therefore performed to monitor the dose 
deliveryy independent of treatment planning and monitor unit calculation 
programs. . 
Ourr first experience with in vivo dosimetry, IVD, dates from 1992, when 
Heukelomm et al. investigated several diode characteristics for an 8 MV photon 
beamm during the study of the simultaneous boost technique of prostate cancer 
(3).. Essers et al. improved the dose calculation procedure for the prostate 
treatmentt technique and checked the reproducibility of the dose delivered to 
thee patients and the accuracy of dose calculations performed by our 3D-
treatmentt planning system U-MPlan (4). In a previous study, the results of in 
vivoo dosimetry measurements of 275 prostate patients, irradiated with 8 MV 
beamss only, are described by Lanson et al. (5). In the current paper, we 
describee the implementation and results of accurate diode dosimetry for the 
revisedd technique that was used in the randomized trial using 18 MV wedged 
laterall  beams. For this purpose, we had to modify our diodes to perform 
accuratee measurements in 18 MV photon beams. Furthermore, modifications 
inn the analysis of diode measurements are described. 

Material ss and methods 

Al ll  patients are irradiated with a three-field isocentric technique consisting of 
ann 8 MV anterior-posterior beam and two symmetrical wedged lateral 18 MV 
beams.. The photon beams are produced by two almost identical Elekta SL-20 
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accelerators,, which are equipped with a multi-leaf collimator (MLC). and an 
electronicc portal imaging device (EPID). Each field is conformally shaped to 
thee PTV using the MLC. In vivo dose measurements were performed using p-
typee diodes as discussed extensively in earlier papers (3-6). 

CalibrationCalibration of diodes 

Thee calibration procedure can be summarized as follows: The readings of the 
diodess are converted to the dose at the point at c/max under the patient's surface 
(entrancee and exit dose) using the following relation: 

ö j ^ / ^ - A V n . c , ,, ( l) 
wheree /?ju»de is the diode reading, ND the calibration factor determined under 
referencee circumstances (SSD = 100 cm, field size = 15 cm x 15 cm, phantom 
thicknesss = 15 cm, temperature = 22 °C). The dimensionless correction 
factorss C\ are required for irradiations applied for non-reference 
circumstancess and incorporate corrections for field size, SSD, patient 
thickness,, skin temperature and wedge angle (3,4,6-11). A separate correction 
factorr is used for the determination of the exit dose of the AP beam, where the 
diodee is positioned under the carbon fibber panel in the treatment couch. The 
midlinee dose is determined, following an empirical method proposed by 
Rizzottii  et al. (12). The conversion of the midline dose to the dose at the 
isocenterr (prescribed dose) is obtained by applying a (small) depth dose 
correctionn (<5%) if the isocenter is not coinciding with the midplane. For the 
opposingg lateral beams, this correction is neglected, since the total lateral dose 
gradientt at the midplane (and isocenter) is practically zero. 
Beforee the start of the randomized trial, prostate patients were irradiated only 
withh 8 MV beams for both the anterior-posterior and the lateral directions. All 
entrancee and exit dose measurements were performed with EDP-20 diodes 
(Scanditronix).. Each of these diodes is encapsulated by a hemi-spherical 
build-upp cap of 2.2 mm stainless steel and 2.8 mm epoxy, which together is 
equivalentt to approximately 20 mm water. At the beginning of the trial, we 
switchedd from 8 M V to 18 M V for the lateral beams to reduce the dose to the 
femorall  heads. Consequently, the build-up cap of the EDP-20 diodes was no 
longerr sufficient for the lateral beams. Such a too thin build-up layer 
introducess additional uncertainties in the dose determinations with diodes, 
becausee the correction factors are depending on the amount of electron 
contamination.. Measurements showed that the thickness of EDP-30 diodes, 
marketedd to have a 30 mm water equivalent build-up cap, was even less than 
thee thickness of EDP-20 diodes (Fig. 8-1). We decided to construct additional 
2.55 mm steel build-up caps and attached these to the EDP-20 diodes to 
augmentt the build-up layer. 
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Figuree 8-1: Relative diode reading as a function of the additional steel build-up layer in an 
188 MV photon beam for both F.DP-20 and EDP-30 diodes. 

AA new set of correction factors C\ was determined for the 18 MV entrance and 
exitt dose measurements. In addition, the linearity and reproducibility of the 
diodess and the relation between the calibration factor ND and the cumulative 
dosee were determined. The additional build-up caps may alter the heat 
capacityy of the diodes. Therefore, additional measurements were performed to 
checkk whether the build-up caps influence the time for the diode to reach the 
skinn temperature after positioning. The electric resistance, which is a measure 
forr diode temperature, was measured for both the commercial EDP-20 diodes 
andd the diodes with the extra build-up caps as a function of time from placing 
thee diode at the skin. 

AA ver age correction factors 

Thee correction factors Cfieid size, CSSD3 t̂hickness5 QmP. and Cwedge were 
determinedd for two EDP-20 diodes with additional build-up caps in an 18 MV 
photonn beam. Since the diodes arc only applied for lateral beams in the pelvic 
region,, the correction factors were determined for a limited number of field 
sizes,, SSDs and thicknesses. From these data, a single set of average 
correctionn factors was established, based on the treatment data of 20 patients, 
too correct the diode readings for the non-reference conditions during the 
irradiationn of the patient. A comparable approach is described by Alccu el a/.. 
whoo calibrated their diodes under average treatment conditions (13). The 
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Figuree 8-2: Patient with an EDP-20 diode with extra build-up cap. The diode is slightly 
shiftedd with respect to the central beam axis, to avoid shielding by the entrance diode, which 
iss shifted in the opposite direction. The EPID on the right is used to verify the correct diode 
positionn with respect to each other, the central beam axis and the field edge. 

applicationn of these average correction factors instead of patient customized 
correctionn factors shortens the time required for analyzing the patient 
measurementss from 30 to 15 minutes, but introduces an additional uncertainty 
inn the final result which has to be quantified. 

ClinicalClinical implementation 

Patientt measurements were performed twice in the second week of the 
treatmentt course (Fig. 8-2). The entrance and exit diodes are slightly 
displacedd to both sides of the central beam axis, to avoid shielding effects 
fromm the entrance diode on the reading of the exit diode (8,14). Portal images 
usingg a liquid-filled matrix ionization chamber detector (Varian 
Portall  Vision (I 5,16)) are used to verify the correct position of the diodes. In 
addition,, these portal images arc also used to detect gas filling  in the rectum, 
whichh may influence the exit dose (Fig. 8-3a). Because of this air filling,  an 
increasee in exit dose of several percent may occur yielding a too high dose at 
thee isocenter if entrance and exit dose values are combined. Such a dose 
enhancementt at the exit side is estimated using the following response curve 
betweenn the pixel \alue. i.e.. ionization current. /. of the detector and the dose 
rate,, /) (17): 
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ll  = a;f)+hÖ (2) 
withh a = 1.35-10 (Gy min)" : and h = 81.4 (Gy min)' . Por a clinical dose rate 
off  400 MU/min. the exit dose corrected for the gas filling . D^, can be 
approximatedd by: 

/ / 
'I 'I 

withh Dexi, the uncorrected exit dose behind the gas filling . /CM1 the pixel value 
behindd the gas fillin g and /e

c™ the pixel value at the portal image adjacent to 
thee gas fillin g (Fig. 8-3b). 

D""D""  = D (3) ) 

Results s 

CalibrationCalibration of the diodes 

Thee calibration factors were regularly checked after treatment of 
approximatelyy 20 patients for both the 8 MV and 18 MV diodes. The 
calibrationn factors increased almost linearly with cumulative dose: 0.7%/kGy 
forr 8 MV and 1.2%/kGy for 18 MV. The dose attenuation at a depth of 10 cm 

(bb ) 

// "'.'. / / 

Figuree 8-3: Portal image of an AP held of a patient with rectal gas (a). The entrance and exit 
diodess are clearly visible; the entrance diode is larger projected in the portal image than the 
exitt diode. The gas filling  enhances the reading of the exit diode. In (b), the lateral pixel 
intensityy profile near the exit diode is shown. 
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Figuree 8-4 Entrance and exit dose correction factors Crieid size. CSSD
 and Cthickness as a 

functionn of the side of a square field. SSD and phantom thickness, respectively, for an 
8MVV and 18 MV photon beam. 

wass 15% for the modified EDP-20 in 18 MV photon beams, while this was 
7%% for the standard EDP-20 in 8 MV photon beams. 

CorrectionCorrection factors 

Inn Fig. 8-4, entrance and exit dose correction factors C\-Ku sizej CSSD and 
Qhicknesss arc plotted for both 8 MV (standard EDP-20) and 18 MV photon 
beamss (EDP-20 + extra build-up). The wedge correction factors for the 
maximumm wedge angle are given in Table 8-1. The temperature correction 
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Figuree 8-5: Change in relative electrical resistance (i.e., a measure for the temperature 
dependence)) for both the standard EDP-20 diode and the EDP-20 diode supplied with an 
extraa steel build-up cap alter positioning at the pelvic skin. 

factorr is 0.968 for diodes that are at a skin temperature of 31 °C. Fig. 8-5 
showss the change in relative electrical resistance when applying a small 
reversee voltage after positioning the diode at the skin in the pelvic region. The 
build-upp cap clearly accelerates the heating-up of the diodes in the first 30 
seconds.. This is probably due the large heat transfer of the steel build-up caps 
whenn in direct contact with the skin. However, for both types of diodes it is 
recommendedd to wait at least 3 minutes between the diode positioning on the 
patientt and the actual measurement. 
Forr 20 patients we analyzed the product of the correction factors for entrance 
andd exit measurements based on the patient's individual anatomy and beam 
setup.. The inter-patient variation of each overall correction factor was equal 
orr smaller than 0.4% (1SD), with the exception of the inter-patient variance of 
thee entrance correction factor of the lateral beams (0.6%, 1SD). This slightly 
higherr value results from the conversion from diode reading to entrance dose 
whichh is strongly dependent on the field size for field sizes smaller than 
100 cm x 10 cm (see Fig. 8-4a). 
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"ablee 8-1: Entrance and exit wedge correction factors for S MV and 18 MV beams 

88 MV 
188 MV 

.015 5 

.023 3 
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.005 5 

Thee application of average values for the correction factors, reduces the time 
usedd for analysis of the measurements from 30 to 15 minutes, but introduces 
ann additional uncertainty in the final result. Since the midplane dose Dmjj can 
bee approximated by ^/Dcmrance • £>cxil (18). the standard deviation of the 
midplanee dose, a'D , for each beam as a result of the inter-patient variation in 
C'' can be expressed as: 

aa»,», , = D.nid '
 Vl • 'Jai.. +CC ' <4> 

withh a, and ex, the standard deviations ol' the entrance and exit dose 

correctionn factor, respectively. The standard deviation of the dose at the 
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Figuree 8-6: IVD results of 225 prostate patients. The open circles correspond to the IVD 
resultss alter correction. 
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Tablee 8-2: Average overall correction factors for the AP and lateral entrance and exit 
readingss for 20 prostate treatments. The standard deviation is denoted by the value in 
brackets. . 

n .C .. entrance U.C.,U.C., exit 
AP P 
rightt lateral 
leftt lateral 

0.966(0.003) ) 
0.9599 (0.006) 
0.959(0.006) ) 

1.089(0.004) ) 
0.9811 (0.003) 
0.9811 (0.003) 

isocenter,, a,, . can be expressed as. 

a a ++ (Ö-, ++ CF „„„)- (5) ) 

becausee of the symmetry of the two lateral fields. 
Forr most prostate treatments in our clinic, the ratio between the beam weights 
off the AP beam and the two lateral beams is 1.75 : 1 : 1. This results in an 
overalll standard deviation of the isocenter dose as a consequence of the inter

im m 
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Figuree 8-7: Frequency distributions of the IVD results for linac A and linac B. 
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Figuree 8-8: The ratio of measured and calculated dose of the lateral beams at the 
isocenterr as a function of the difference between effective and geometrical width along 
thee central beam axis of the lateral beams in a sample of 34 patients. 

patientt variance of the correction factors of 0.4 cGy, which is regarded to be 
acceptablee for a dose at the isocenter of 200 cGy. 

PatientPatient findings 

Thee dose delivery of 225 prostate patients was verified over a period of three 
yearss (1-1-1997 until 1-1-2000). In about 15% of the measurements, the exit 
dosee measurement of the AP beam needed to be corrected for rectal gas. The 
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averagee correction was 3% while the maximum correction was 5.5%. The 
ratioo of measured and calculated dose at the isocentcr is plotted in Fig. 7-6. 
Forr 217 patients the deviation between the actual and calculated dose was 
withinn the action level of 2.5%. For 8 patients, the action level was exceeded 
andd the monitor unit prescription of these patients was modified. After this 
modificationn the entrance and exit dose in these patients was remeasured and 
thee resulting dose at the isocenter was found to be within the action level. The 
averagee ratio of the measured dose and calculated dose for all prostate 
patientss was 1.008 (0.012 SD). 

Discussion n 

Measurementss showed that the build-up layer of the EDP-30 diodes was even 
lesss than the thickness of EDP-20 diodes. This has previously been observed 
byy Jornet et al. (19), who concluded that the 1 mm tantalum encapsulation of 
thee EDP-30 is equivalent to only 14 mm water. Sjogren and Karlsson 
quantifiedd electron contamination depth dose curves in various 20 MV photon 
beams.. They concluded that the water equivalent depth of 1 mm tantalum for 
contaminatingg electrons corresponds to a much larger value than 14 mm (20). 
Thiss indicates that the standard build-up layer of the EDP-30 diodes is thick 
enoughh to absorb all contaminating electrons, but additional build-up is 
neededd to increase the photon scattering near the sensitive element of the 
detector.. Georg et al suggested to modify the build-up thickness of the diodes 
byy affixing extra build-up caps (21). We decided to construct additional 2.5 
mmm steel build-up caps and attached these to the EDP-20 diodes to augment 
thee build-up layer. The additional caps increased the dose perturbation in the 
patientt behind the diode (9,22), but the clinical relevance is limited in our 
IVDD protocol, since the patients are measured only twice (or three times 
occasionally)) out of a series of 34 or 39 fractions. 
Thee additional build-up cap resulted in correction factors for 18 MV beams, 
whichh are comparable in magnitude to the correction factors in 8 MV beams. 
Thee only exception occurs for the entrance field size correction factor which 
increasess for 8 MV beams as the field size decreases whereas the 
correspondingg correction factor for 18 MV beams decreases. This might be 
duee to the relatively high dose of contaminant electrons of 4%-6% at 3 cm 
depthh for field sizes of 10 cm x 10 cm and larger in high-energy photon 
beamss (20,23,24). These contaminant electrons contribute to the ionization 
chamberr reading, while these electrons are scattered in the high-2 build-up 
capp material and do not reach the diode applied in the 18 MV beams. This 
effectt does not occur at 8 MV where the contaminant electron dose at 2 cm 
depthh is less than 1%(24). 
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Thee response degradation of the diodes is about twice as high for 18 MV 
photonn beams as it is for 8 MV photon beams. As a consequence, we 
recalibratedd the diodes after measuring approximately 20 patients. In addition, 
thee diode calibration factors are automatically attuned to the cumulative diode 
dosee during the analysis of the patient measurements. 
Thee implementation of the in vivo dosimetry programme ensures an accurate 
dosee delivery to all patients. The use of a single set of average correction 
factorss instead of determining the individual correction factors for each 
patientt saves a lot of time, while keeping the high accuracy. Only 8 out of 225 
patientss (3.6%) needed a correction, of which 7 were treated at linac B. 
Carefull analysis of the results revealed a systematic difference in results for 
thee patients treated either at linac A or at linac B (pO.001) (Fig. 8-7). The 
averagee ratio of the measured and calculated dose was 1.002 {0.01, 1SD) for 
linacc A, while this ratio was 1.015 (0.01, 1SD) for linac B. Closer 
examinationn showed that this disagreement was due to three distinct causes. 
Firstly,, it turned out that the average output for both the 8 MV and 18 MV 
beamss was 0.5% higher for linac B compared to linac A. This dose difference 
iss well within the tolerance level of % applied for adapting the output of 
thee accelerator. Secondly, the output for the 18 MV beams was, for this linac, 
0.9%% higher at gantry angles of 90° and 270° than under calibration 
conditionss (gantry angle 0°). Since the dose contribution of the lateral (18 
MV)) beams for prostate patients is on average 55%, this explains another 
0.5%% difference in the results for linac A and linac B. Finally, we discovered 
ann error in the calibration procedure of linac B, clarifying a supplementary 
0.2%% difference in 1VD results for the two linacs. The cumulative effect of the 
imperfectionss in the output of linac B partly explained the high dose delivery 
forr the patients that were found outside the action level. 
Alll patients that were found outside the action level were characterized by 
unusuall dense femoral heads. In general, a correlation exists between the 
meann inhomogeneity correction on the central beam axis of the lateral fields 
andd the ratio of the measured versus calculated dose of the lateral fields as 
observedd in a sample of 34 patients with high and low IVD results (pO.0001) 
(Fig.. 8-8). This correlation is partly explained by the limitations of the ray-
tracingg algorithm in our planning system, which is used to determine the 
inhomogeneityy correction. This algorithm only uses the ID density 
informationn at the central beam axis, which leads to an overestimation of the 
inhomogeneityy correction if the femoral heads are dense on the central beam 
axis.. This finding was confirmed when we examined the relative transmission 
dosee distribution of a lateral beam of a patient with dense femoral heads. 
Figuree 8-9 shows a comparison of, (a), the transmission dose distribution as 
calculatedd by our 3D-TPS. with, (b), the transmission dose distribution 
derivedd from the pixel values of a portal image originally used for setup 
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(e)) (d) 

Figuree 8-9: Transmission dose distribution calculated by our treatment planning system 
(a),, derived from a portal image (b). calculated using a collapsed cone convolution 
algorithmm (c). All dose distributions are normalized to a point between the projection of the 
oss pubis and the femoral heads, where the primary fluence is not scattered by any bony 
materiall (d). 

verificationn purposes (see Eq (2)), and. (c), the calculated transmission dose 
distributionn using a collapsed cone convolution algorithm. All dose 
distributionss are normalized at a point where the primary fluence is not 
scatteredd by any bony material indicated by the arrow (Fig. 8-9d). The 
calculatedd dose on the central beam axis when using the collapsed cone 
convolutionn algorithm is in agreement with the dose derived from the portal 
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imagee (both 95%). However, when using the equivalent path length method, 
thee inhomogeneity correction on the central beam axis is highly 
overestimated,, resulting in a dose of 90%. Furthermore, it can be observed 
thatt a substantial amount of rectal gas was present at the CT scan of this 
patient,, resulting in a high value of the calculated transmission dose behind 
thee rectum. The absence of this high dose region in the measured transmission 
dosee indicates that most of the rectum gas has vanished at the time of the 
treatmentt session. 
Onlyy a very limited number of patients was found to be beyond the action 
levell in this study, while 31 out of 275 prostate patients (11%) needed a 
correctionn in the previous study in the period 1993-1997 (5). During this 
periodd a large number of systematic dosimetric errors were traced by in vivo 
dosimetryy measurements. These errors were successively corrected and 
consequently,, the amount of newly observed errors decreased in time. Hence, 
thee in vivo dosimetry results remained stable in this study, making it possible 
too trace minor imperfections, of the order of 1%, in the dosimetry chain using 
statisticall analysis. The emphasis of our in vivo dosimetry programme 
graduallyy shifted in time. The original aim of detecting (gross) individual 
dosimetricc errors is still important, but since only a very limited number of 
patientss was found outside the action level, the true merit may be that in vivo 
dosimetryy makes it possible to trace relatively small, but systematical 
imperfections.. The correction of these imperfections reduces the variation 
aroundd the two dose levels in our randomized trial, which is essential when 
analyzingg the clinical outcome of this trial. Furthermore, these corrections 
willl benefit the treatment of all (prostate and non-prostate) patients. 

Conclusions s 

EDP-200 diodes with additional steel build-up caps can be used to perform 
accuratee in vivo dose measurements in 18 MV photon beams. Recalibration is 
requiredd more often, because of the higher response degradation at this beam 
qualityy compared with 8 MV irradiation. The introduction of average 
correctionn factors made the analysis easier, while keeping the accuracy within 
acceptablee limits. Portal imaging is a valuable tool to verify correct diode 
positioningg and to identify and correct for the presence of rectal gasses. 
Thee in vivo dosimetry protocol guarantees a dose delivery for prostate 
treatmentt within 2.5% on an individual patient basis, resulting in patient 
groupss having uniform dose levels in this trial. Statistical analysis made it 
possiblee to identify small systematic errors (<1.0%). Correction of these 
errorss will not only benefit the patients in this trial, but will improve the 
treatmentt quality of all future patient treatments. 
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