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The purpose of this work is to study dose non-linearity in medical linear accelerators used in
conventional radiotherapy and intensity-modulated radiation therapy. Open fields, as well as
the enhanced dynamic wedge ones, were used to collect data for 6 MV and 15 MV photon
beams obtained from the VARIAN linear accelerator. Beam stability was checked and con-
firmed for different dose rates, energies, and application of enhanced dynamic wedge by cal-
culating the charge per monitor unit. Monitor unit error was calculated by the two-exposure
method for open and enhanced dynamic wedge beams of 6 MV and 15 MV photons. A signifi-
cant monitor unit error with maximum values of +2.05931 monitor unit and +2.44787 mon-
itor unit for open and enhanced dynamic wedge beams, respectively, both energy and dose
rate dependent, was observed both in the open photon beam and enhanced dynamic wedge
fields. However, it exhibited certain irregular patterns at enhanced dynamic wedge angles.
Dose monitor unit error exists only because of the overshoot phenomena and electronic delay
in dose coincident and integrated circuits with a dependency on the dose rate and photon en-
ergy. Monitor unit errors are independent of the application of enhanced dynamic wedge. The
existence of monitor unit error demands that the dose non-linearity of the linear accelerator
dosimetry system be periodically tested, so as to avoid significant dosimetric errors.
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INTRODUCTION

The concept of timer error (TE) is an established
fact for Co-60 teletherapy units. It arises when the
source is partially obscured due to the mechanical mo-
ment of the source in transition from the off to on posi-
tion [1-5]. The concept of this type of timer error is ap-
plied to those machines in which the mechanical
moment of the radioactive source is involved in irradi-
ating patients, i. e., brachytherapy, Co-60 teletherapy
units, efc. [2, 6]. However, the overshoot effect caused
by the control loop in the Varian DMLC system (V4.8)
(i. e., ~65 ms) to monitor and halt the irradiation of a
segment may result in a fractionally larger monitor
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unit (MU) than the planned. As a result, the actual MU
delivered may differ from the planned. The effect de-
pends on the delivery rate (MU per minute) and is most
pronounced in low-dose regions. Simply, the over-
shoot is the delivery rate multiplied by the control loop
delay time in terms of absolute MU [7]. Although
X-ray beams in linear accelerator (LINAC) are pro-
duced in a different manner from those produced by
the Co-60 teletherapy machine, TE/monitor unit error
(MUE) can still be applied to LINAC, as well [2, 7].
Different approaches by different manufacturers have
been applied in order to render dose integration and
therapeutic techniques accurate enough to give a low
probability of MUE [2]. But, due to the electronic de-
lay in dose integration and coincidence circuits, the
timer may not measure the treatment time accurately,
producing an error in the dose delivery to the patient
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[2,7]. The difference between irradiation time and the
time calculated by the dose integrated circuits can be
referred to as MUE on LINAC. To ensure an accurate
delivery of the prescribed dose to the patient, the MUE
LINAC must be calculated and applied to irradiation
time [8]. The international atomic energy agency
(IAEA) has recommended a quality control (QC) test
(tolerance < 1%) for measurements of TE on a Co-60
teletherapy unit, but no such recommendations or
guidelines have been set or approved for LINAC [3,
4]. A general view of LINAC is that, at the moment,
TE/MUE is negligible, as far as contemporary LINAC
are concerned [9]. Biggs [2] investigated TE only for
electron beam LINAC used in intraoperative radiation
therapy. A significant energy-independent and
dose-rate dependent TE has been found by him. The
TE was investigated for electron energies of 6, 9, 12,
and 15 MeV, with dose rates of 300 and 600 MU per
minute and at all energies of 900 MU per minute and
MU settings between 50 and 2000. Although Biggs
has stated in his studies that TE may have serious con-
sequences in the implementation of intensity-modu-
lated radiation therapy (IMRT) [2], there are no exper-
imental measurements in existence in support of his
claim. His study has also failed to provide any mea-
surements for photon beams. Moreover, the study was
done for LINAC used in intraoperative radiation ther-
apy, involving very large dose rates options (i. e., 300,
600 and 900 MU per minute), but we know that the
overshoot has the most profound effect in low-dose re-
gions [7]. The stability of the LINAC dosimetry sys-
tem is very important for accurate dose delivery in
conventional radiotherapy and IMRT [7]. Therefore,
the study has been designed to investigate the dose
non-linearity of the LINAC dosimetry system by cal-
culating beam stability in different clinical conditions,
along with MUE for 6 and 15 MV photon beams pro-
duced for conventional radiotherapy and IMRT with
dose rates of 80, 160, 240, and 320 MU per minute.
Beam stability and MUE were also investigated for the
said purpose in the application of enhanced dynamic
wedge (EDW) on a VARIAN LINAC.

METHODS AND MATERIALS

A dosimetry system inside the treatment head of
amedical LINAC is used to measure MU delivered to
the patient. It consists of two separately sealed dual
transmission ionization chambers with completely in-
dependent biasing power supplies and readout
electrometers, termed as primary and secondary
chambers. To measure the additional parameters like
beam energy, radial and transverse beam flatness and
symmetry, the ionization chambers have been de-
signed so that their electrodes are divided into several
sectors. The design of the electrodes and sectors de-
pends on the manufacturer of the machine. Literature

shows that the response of electronic circuits in high
radiation fields is dose rate-dependent [10, 11]. The
peak voltage (or current) of the transistors and diodes
is proportional to the dose rate over a certain range of
dose rates, with evidence of some non-linear behavior
[12]. Silicon diodes, especially PIN diodes, are regu-
larly used as beam monitors and dosimeters in LINAC
systems, because their photocurrent is proportional to
the dose rate and the total charge collected is propor-
tional to the total dose [9, 13]. On the other hand, the
method of EDW is a treatment delivery technique of
Varian LINAC in which the wedged dose profile is
produced by the motor- controlled motion of a
collimator jaw from the open to the closed position
during treatment [14-17]. During treatment, different
parts of the field are exposed to primary beams for dif-
ferent time durations, while the jaw speed and dose
rate are continuously changed during irradiation [17].
Seven types of EDW with wedge angles of 10°, 15°,
20°,25°,30°,45°, and 60° can be produced by Varian
CLINAC 2100C.

The dosimetry system should be linear, accurate
and capable of turning off the radiation beam when the
programmed irradiation time passes, so as to ensure an
accurate dose to the patient. To check the linearity and
accuracy of the dosimetry system, a FC65G (formally
Wellhofer, active volume of 0.65 cm?) Farmer-type ion-
ization chamber attached to a PTW UNIDOS E univer-
sal dosimeter and a Wellhofer Blue Water Phantom was
used to measure the charge for different MU (i. e.,
1-500 MU) setups. The phantom has a positional accu-
racy of £0.5 mm per axis and a reproducibility of 0.1
mm. Measurements were performed for both open
(non-wedged) and EDW fields with a fixed field size
(10 cm x 10 cm) at 100 cm SSD for 6 MV and 15 MV
photon beams produced by a Varian CLINAC 2100C.
In open fields, the measurements were taken on the cen-
tral axis, at a depth of 10 cm for MU settings of 1, 5, 10,
25,50, 100, 150, 200, 250, 300, 350, 400, and 500 MU
at dose rates of 80, 160, 240, and 320 MU per minute. In
the present study, four wedges with wedge angles of
15°,30°,45°, and 60° were used. For EDW fields, mea-
surements were made for MU settings of 25, 50, 100,
150, 200, 250, 300, 350, 400, and 500 MU. As the dose
rate continuously changes during irradiation, the dose
rate effect cannot be studied for EDW fields. The cham-
ber was placed in a 0.5 cm gap at the thin end of the
EDW angle, so as to avoid the decrease in beam inten-
sity due to the presence of EDW. To compare the results
of MUE for the EDW beams to the corresponding refer-
ence open beams ones, it is needed that the
experimental conditions for both must be the same.
Therefore, the open beam measurements were per-
formed for the same experimental set-up as settled for
the EDW fields.

The charge per MU was calculated for all avail-
able photon energies (i. e., 6 MV and 15 MV) and dose
rates (i. e., 80, 160,240, and 320 MU per minute), for
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MU settings between 1-500 MU and 25-500 MU for
open beams and EDW beams, respectively, in order to
analyze beam stability. The MUE was calculated for
both open and EDW fields of 6 MV and 15 MV photon
beams, by means of the two-exposure method used for
TE in the Co-60 teletherapy unit, as described in eq. 1

[1, 5].
MUE:i\MUlR2 ~MU,R, | W
| Ri-Ry |

where R and R, are the dose readings obtained for MU
settings, MU; and MU, respectively, on LINAC.
Equation 1 was used to calculate the MUE for all pos-
sible combinations of MU.

RESULTS AND DISCUSSION

The calculated relative charge per MU (nC/MU) at
all available dose rates (i. e., 80, 160, 240, and 320 MU
per minute) for open fields of 6 MV and 15 MV photon
energies, is shown in fig. 1. A constant and linear behav-
ior of nC/MU against MU is observed for dose rates at
both energies above the 25 MU setting, as shown in fig.
1. In contrast, a slightly variable behavior is observed
while plotting nC/MU against MU below the 25 MU set-
tings, as shown in fig. 1, for all dose rates and both ener-
gies. Results show that the beams are well stable above
the 25 MU settings. Furthermore, no effect of either en-
ergy or dose rate was observed on nC/MU.

The calculated relative charge per MU
(nC/MU) for the application of EDW fields of 6 MV
and 15 MV photon energies is shown in fig. 2. The
same graphical pattern while plotting nC/MU against
MU for EDW fields as open beams is observed for
both 6 MV and 15 MV, as shown in fig. 2(a) and (b).
The variation in nC/MU against MU for both ener-
gies studied shows beam stability with the applica-
tion of EDW. The beam stability for a particular dose
rate and MU settings < 22 MU cannot be checked be-
cause the dose rate does not remain constant and con-
strained on MU settings with the application of EDW.

The MUE was calculated for open fields, as well
as for the implementation of EDW in photon beams of
6 MV and 15 MV (see, tabs. 1, 2). The energy effect
and dose rate effect on MUE was investigated for the
open fields of photon energies under study and for
available dose rates (i. e., 80, 160, 240, and 320 MU
per minute). For open fields of 6 MV and 15 MV pho-
ton beams, the MUE was calculated at different dose
rates (i. e., 80, 160, 240 and 320 MU per minute) with
the help of equation 1 (. e., the two-exposure method).
The results are summarized in tab. 1. A significant
MUE with a maximum error of £2.05931 MU was ob-
served for open photon beams of 6 MV and 15 MV en-
ergies (tab. 1). Figure 3 shows that, as the dose rate in-
creases from 80 to 320 MU per minute, the mean value
of MUE for 15 MV decreases while, in contrast, no
regular pattern for the mean value of MUE can be ob-
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Table 1. Minimum, maximum, and mean standard deviations
of MUE, calculated by two-exposure method for tabulated
dose rates for an open field of 6 MV and 15 MV photon beams

Energy | Dose rate | MUE by two-exposure method (MU)

[MV] | MU/min | Minimum | Maximum Mean

80 0 1.62338 | 0.3614 £ 0.37791
160 0 1.3245 0.217 £ 0.24803

6 240 0.04143 | 2.05931 | 03112 +0.41471
320 0.01186 | 1.91667 | 0.413 +0.4389
80 0 1.04239 | 0.2089 + 0.24184

s 160 0 0.91549 | 0.1412 £0.21418
240 0 0.49296 | 0.0924 +0.11881
320 0 0.42313 | 0.0767 +£0.10276

Table 2. Minimum, maximum, and mean standard
deviations of monitor unit error (MUE), calculated by
two-exposure method for tabulated wedge angles of 6
MYV and 15 MV photon beams

Energy | EDW MUE by two-exposure method (MU)

[MV] | [angle] |Minimum | Maximum Mean
0° 0.08913 | 0.97691 | 0.37064 +0.20218
15° 0 2.44787 | 0.26549 + 0.46895
6 30° 0 0.45704 | 0.15972 £ 0.15905
45° 0 1.5625 ]0.26579 +0.32772
60° 0 0.84507 | 0.1946 +0.20093
0° 0.17805 | 1.16742 | 0.44653 +0.22891
15° 0 1.35747 | 0.2401 +0.33101
15 30° | 0.01082 | 0.75988 | 0.20354 +0.13424
45° 0 1.9084 | 0.25401 +0.34438
60° 0 1.1655 |0.23924 +£0.31073

served for the 6 MV photon beam. Furthermore,
smaller mean values of MUE were observed for
15 MV, as compared to the 6 MV photon beam at the
same dose rate, as shown in fig. 3. Over all, the MUE
has increased behavior with a decrease in energy.
MUE was also calculated for the implementation of
EDW (i.e., 150,300,450, and 600), for both 6 MV and
15 MV photon beams (tab. 2). A significant MUE with
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Figure 3. Mean MUE for different dose rates calculated
with the two-exposure method for open beams of 6 MV
and 15 MV

= smv

.45 —_—
0 3 15 MV

0.40 4
0.359

0.30 1

Mean MUE [MU]

0.25 1

0.20 1
0.151

0.10 1

0.05 1

0.00 — ——
30 45 60
EDW angle (degree)

Figure 4. Mean MUE calculated by two-exposure
method of the different EDW angles of 6 MV and 15 MV
photon beams

a maximum value of £2.44787 was observed in EDW
fields, for both 6 MV and 15 MV photons beam ener-
gies. When the mean value of the MUE trend was com-
pared with the increase in the EDW angle, no regular
pattern was found as the EDW angle increased from
150 to 600, for both 6 and 15 MV photon beams, as
shown in fig. 4. No relation of MUE was established
with the application of EDW from the above results.
This goes to show that the MUE is independent of the
application of EDW for both energies. The variation in
MEU exists due to the fact that, during its application,
the dose rate continuously changes.

The actual dose coming out of the machine needs
to be reliable and predictable in order to fully realize
the benefits of a more sophisticated and advanced
treatment planning and image guidance techniques
and ensure an adequate dose to the tumor. However,
the dosimetry system used inside the treatment head of
the LINAC to measure the MU to be delivered to the
patient is continuously exposed both to high-energy
X-rays produced by the machine and the secondary
neutrons produced as a result of X-rays. In short, the
system always operates in a high radiation exposure
environment. Hence, it is vital to check the MUE from
time-to-time, so as to remove possible errors in the
readings of the planned dose to the patients that might
occur due to a continual exposure to radiation. This not
only confirms the correct dose to the patient, but also
ensures the precise use of the state-of-the-art equip-
ment developed for the treatment. MUE was also cal-
culated for the application of EDW, because dynami-
cally-wedged fields are generated by the sweeping
motion of a field-defining element (jaw) during
beam-delivery time. This mechanical motion requires
a close synchronization with the dosimetry system
and, thus, the said interaction has the potential of lead-
ing to deviations from the intended dose. Similar ef-
fects have been identified in dynamic delivery systems
using MLC motion to modulate the beam during beam
on. An investigation into this effect for dynamic
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wedges has not yet been reported in literature. The
present study is a footnote for such a situation.

Our results have shown that the beam is highly
stable at all energies, dose rates and EDW. Further-
more, they prove the linear behavior of the dosimetry
system inside the treatment head of the LINAC. As the
beam is highly stable at all energies, dose rates and
EDW, the MUE exists only because of the overshoot
phenomena and electronic delay in the dose coincident
and integrating circuits. The effect of MUE on dose
rates is greater at low dose rates, as the overshoot phe-
nomenon is more prominent at low dose rates [7].
MUE is independent of the application of EDW, be-
cause the circuit designed for jaw movement and con-
trol during its application works independently of the
dose integrated and coincidence circuits. The total MU
delivered is always the same, as in open beam therapy
the dose integrated and coincidence circuit’s signal
terminates the beam independently of the EDW con-
trol loop. It may, thus, be concluded that MUE is inde-
pendent of the application EDW, while it shows some
dependency on the dose rate and energy of the photon
beam. As the electronic circuits are highly sensitive to
radiation and the fact that radiation may result in dis-
placement damage in these circuits [9], the check of
the dose linearity of the LINAC dosimetry system can
act as a quality control test for this type of damage.

CONCLUSIONS

Significant MUE with maximum values of
12.05931 MU and £2.44787 MU for open and EDW
beam, respectively, have been observed. They are dose
rate and beam energy dependent, while independent of
the application of EDW. Furthermore, it has been ob-
served that the beam is stable with the application of
EDW, both in relation to the dose rate or either of the
two energies. The MUE is independent of the applica-
tion of EDW, because the EDW control loop is inde-
pendent of dose integrated and coincidence circuits.
Therefore, the presence of MUE is due to the over-
shoot phenomenon of electronic delay in dose coinci-
dent and integrated circuits with a dependency on pho-
ton energy. The existence of MUE requires that every
LINAC be periodically tested for the existence of pos-
sible MUE, as a means of avoiding significant dosime-
try errors. Furthermore, periodic checks of the dose
linearity of LINAC dosimetry systems may serve as a
quality control test for the damage in dose integrated
and coincidence circuits, due to the continuous expo-
sure to radiation.
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Bazup MYXAMA]J, Canr XYH JIU, Kan AJIAM, Myxamax MATBYJI, I'yrzap KAH

HEIMHEAPHOCT JO3E HO3UMETPUICKOI' CUCTEMA U MOI'YRE I'PEIIKE
MOHUTOPCKE JEIJUHHMIE MEJUIIMHCKUX JJUHEAPHUX AKIEIEPATOPA
KOPUITKREHUX Y YOBUYAJEHOJ 1 ITIPOMEH/bMBOI UHTEH3UTETA TEPAIININ

Y pany je mpoydyeHa HEJIMHEApHOCT J103a KOJ JMHEPAaHUX aKleliepaTopa KOju ce KOPUCTE Y
yoOuyYajeHoj pajjuoTepanuju IpoOMEeHbUBOT MHTeH3UTeTa. KopuitheHna cy oTBopeHa moska W 1oJba ca
AMHAMUYKHU [10jaYyaHUM IpOOHjamkeM 3a IPUKYIIJbakhe ofaTaka U3 (pOTOHCKUX CHOIIOBa eHepruja 6 MeV u
15 MeV na VARIAN numneapHoMm akinenepatopy. OpnpebuBameM KONWYNHE HaeJeKTpHCama II0
MOHHUTOPCKO] jEAMHMLM M HOPMaJIM30BaHE KOJIMYMHE HaeJeKTpUcama MO MOHUTOPCKO] jelAMHUIIHM,
MpOBEpEHa je U MOTBpheHa cTaOMITHOCT CHONA 33 Pa3lIMUUTE jaulHe 1032, CHepruja v MPUMEHY INHAMUIKOT
npo6ujama. ['perka MOHITOPCKE jeinHAIE N3pavyHaTa je MeTOIOM ABOCTPYKOT M3JIarama 3a OTBOPECHE 1
AWHAMHUYKE TT0jayaHe cHomoBe (poToHa ernepruja 6 MeV u 15 MeV.

Kop o6a cHoma je youyeHa 3HayajHa TIpelllka MOHUTOPCKUX jeJMHUIA Ca MaKCUMaJHUM
BpengHocTuMa of 1+2.44787 MOHUTOPCKUX jefiMHUIIA 33 NMHAMHUYKYU TOjavyaHd CHON M Ca M3Pa3uTOM
3aBHUCHOIThY Off €Hepruje W jaumHe jo3e. ['pemrka MOHUTOPCKE jefMHUIE TMOKaszana je oppebeHo
HEpeTyJIapHO TOHAIIak-¢e Of YIJia IMHAMUYKY Mojavyanor npobujama. OHa mocToju camo 300r (hpeHOMeHa
npebanyBamba 1 Kallbeha Y KOMHIUAEHTHUM HHTETPUCAHUM KOJIMMA, Y3 3aBIUCHOCT Of] €HEepruje U jaunHe
7032, a He3aBHCHA je OfI MPHMEHE AUHAMHUYKOr npodujama. IbeHo mocrojame 3axTeBa NEPUOTMYHO
TECTUpal¢ HEJIMHEAPHOCTU JMHEAPHUX aKiieJepaTropa Kako Oum ce m30erse 3HavyajHe MO3WMETPHjCKe
Ipelike.

Kwyune peuu: Zpeuika MORUTIOPCKe jeOUHUYeE, HEAUHEAPHOCT 003€, AUHEAPHU AKUeAePatiop,
OUHAMUYKU TlOjauaHo Upooujarbe



