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Background: The National Metrology Institute of South Africa (NMISA), as an institute
responsible for disseminating traceability, has embarked on establishing a national dosimetry
audit programme with assistance from the International Atomic Energy Agency (IAEA).
Dosimetry audits in South Africa are carried out through the IAEA using mailed
thermoluminescents. Onsite dosimetry is not performed in South Africa but the IAEA has
provided a dosimetry kit to NMISA to facilitate the audits. The kit consists of a Farmer type
PTW 30012 ionisation chamber for photon beams and an Advanced Markus PTW 34045
chamber for electron beams with a water phantom and a Perspex plate phantom. End-to-end
audits are also not performed or, if performed, they are not monitored officially in South
Africa; however, the IAEA also provided a CIRS IMRT thorax phantom which can be used
nationally.

Aim: To test the establishment of radiotherapy and medical physics dosimetry audits at pilot
centres in South Africa.

Setting: NIMISA was tasked by IAEA to establish radiotherapy and medical physics dosimetry
audits. A calibration kit was supplied by the IAEA for dosimetry measurement and a CIRS
IMRT thorax phantom was also supplied by the IAEA for end-to-end measurements. Five
hospitals were identified by the steering committee as pilot centres to test the establishment of
the dosimetry audits.

Methods: The audit measurements for reference beams were carried out using a Farmer type
PTW 30012 ionisation chamber for photon beams and an Advanced Markus PTW 34045
chamber for electron beams with a water phantom and a Perspex plate phantom, respectively.
End-to-end audits, which involved computed tomography (CT) scanning, treatment planning
and treatment delivery with dose measurements, were carried out using a CIRS IMRT thorax
phantom. The planning staff or the medical physicists were requested to image the phantom
and create a treatment plan according to a procedure provided by the researcher on their
institutional treatment planning system. On completion, the approved plan was delivered at
the treatment unit by setting up the phantom and measuring the doses with an ionisation
chamber at different specified reference points.

Results: For photon beam reference dosimetry, variations between 0.5% and 2.48% were
observed, and for electron beams, variations of up to 8.0% were observed. For end-to-end
audits, variations of up to 7.1% were observed between the calculated and measured doses.

Conclusion: The pilot audits provided a platform to formulate and validate the audit
methodologies required for the establishment of a national end-to-end dosimetry audit
programme.

Keywords: radiotherapy; medical physics; dosimetry; audits; pilot study.

Introduction

Radiotherapy has an important role in the medical field for the treatment of cancer. It is one of the
applications in which humans are deliberately subjected to very high radiation doses. Radiation
dosimetry plays a vital role in ensuring accurate dose delivery to the target area, achieving the
required level of accuracy and maintaining consistency in dose delivery.! In radiotherapy, the
outcome of treatment greatly depends on the accuracy of dose delivery to the cancer site. This in
turn depends on target volume delineation, radiation dosimetry, treatment planning and patient
positioning as well as treatment delivery.?

The treatment planning process used in radiotherapy is complex and involves multiple steps
and special dose calculation algorithms like pencil beam, convolution, superposition and so on.
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Specific quality assurance (QA) tests for treatment planning
systems (TPSs) provide the framework and guidance to
allow radiation oncology physicists to design comprehensive
and practical treatment planning QA programmes for the
clinics.? It is essential to also audit clinical processes such as
contouring where the body outline, targeted tumour
volumes and critical structures are delineated. The TPS is
used to predict the dose distribution from the beam
arrangement on patient computed tomography (CT) scans.
The dose calculation accuracy can also be verified using
anthropomorphic phantoms.** According to the International
Commission on Radiological Protection (ICRP)° severe
toxicities or even fatal consequences can emerge from errors
arising from incorrect radiation beam calibrations or a lack
of independent verification of the calculated treatment times
and monitor units (MU) for treatment delivery.

Radiation dosimetry deals with methods of quantitative
determination of the energy deposited in a medium by directly
or indirectly ionising radiations. Radiation measurements
can be carried out using films, ionisation chambers, diodes,
thermoluminescent dosimeters and other commercially
available dosimeters.”*

Various dosimetry quantities and methodologies have been
developed to facilitate dose calculation in radiotherapy.
Basic dose distribution data are usually measured in a
water phantom, which closely approximates the radiation
absorption and scattering properties of muscle and other
soft tissues. Other materials like Perspex and solid water
phantom plates can also be used.”" In South Africa, hospitals
only participate in the International Atomic Energy Agency
(IAEA) or Imaging and Radiation Oncology Core (IROC)
reference beam dosimetry audits. A need to develop our
own in-house dosimetry audits was established with the aim
of expanding from reference beams to end-to-end audits to
assist hospitals in identifying and reducing these errors.

Dosimetry audits play an important role in verifying the
treatment chain in radiotherapy, thus ensuring safety and
quality during cancer treatment delivery. Because of an
increase in the number of radiotherapy treatment machines
and the introduction of more advanced radiotherapy
techniques, it is important to perform dosimetry audits to
ensure the quality of dose delivery." Radiation dosimetry
audit measurements can involve various approaches
depending on the availability of radiotherapy equipment in
the hospitals. Photon dosimetry audits for reference and
non-reference conditions in conventional fields can be carried
out using films, diodes and commercially available Farmer
ionisation chambers, which measure absorbed dose in the
specified medium.*

The International Atomic Energy Agency/World Health
Organisation’s (IAEA/WHO) thermoluminescent (TLD)
dosimetry postal programme for external audits of the
calibration of high-energy photon beams used in radiotherapy
has been in operation since 1969." The IAEA has several
postal dose audit services operating worldwide including the
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European Society for Therapeutic Radiology and Oncology
(ESTRO), EQUAL operating in the European Union (EU) and
the Radiological Physics Center (RPC) in North America. The
IAEA has developed various types and levels of external
audits for radiotherapy dosimetry, either based on onsite
review visits or using mailed dosimetry systems. They have
analysed the combined relative standard uncertainty on dose
determined from TLD measurements estimated to be 1.2%
for irradiations with Co-60 X-rays and 1.6% for irradiations
with high-energy X-rays."** Various groups including IAEA
dosimetry laboratory, IROC in Houston, the Catalan Society
of Medical Physicists and the Medical Physics group in the
United Kingdom radiotherapy departments have developed
a range of procedures used for external dosimetry audits.
These include international QA networks for radiotherapy
dosimetry, multicentre validation of intensity modulated
radiotherapy (IMRT), pre-treatment verification and a
national dosimetry audit on IMRT.!¢*”

Radiation dosimetry audits for reference beams serve as a
tool to verify dose output of teletherapy units.

Other centres have developed in-house methods for
performing different types of audits based on the availability
of equipment.’® In South Africa, reference beam output is
determined according to the IAEA, Technical Report
Series number 398 (IAEA TRS 398) Protocol for the Absorbed
Dose Determination in External Beam Radiotherapy.
Photon beam outputs are determined at a reference depth of
10 cm in a water phantom, and electron beams are also
calibrated at a specified reference depth given by Z =
0.6 R, + 0.1 g.cm? in water. The 50% beam quality (R,)
specifier is obtained from depth ionisation scans provided
by the audited hospital.”

The TAEA is mostly responsible for Europe, Africa, Asia and
even other continents. However, institutions, such as the
IROC in Houston, are responsible for audits in America; they
have also conducted both remote and onsite audits. Their
45-year history has accumulated extensive measurement
data from several thousand photon beams which have been
grouped into 96 combinations of manufacturer model and
beam energy.

Their presented results have shown that most audits were
within the + 5% range with a few outside this range.*** The
National Metrology Institute of South Africa (NMISA), as the
institute that provides measurement traceability, embarked
on establishing a national dosimetry audit programme for
radiotherapy and medical physics with assistance from the
IAEA. Five centres with different types of linear accelerators
(linacs) were identified to participate in the pilot study for the
establishment of the dosimetry audit programme.

Design

The initial steps for the pilot study aimed at conducting a
survey of the equipment available in the selected centres,
including the beam data that are used for defining the
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specified radiation beam quality factors. The questionnaire,
a consent request for authorisation to perform audits and a
form to collect radiation beam data characteristics such as
the percentage depth dose (PDD) or tissue phantom ratio
(TPR,,,,) of the dose at depth 20 cm to depth 10 cm for photon
beams, and the 50% beam quality (R, specifier for electron
beams, were sent to each of the pilot centres. The scope of the
pilot study was to perform the following measurements:

* Reference dose output measurements in water according
to the IAEA TRS 398 code of practice, for both photon and
electron beams on the linear accelerators.”

¢ Radiation dose output measurements for non-
reference conditions including measurements of field
size dependence and measurements in the presence of a
wedge 2%

e An end-to-end radiotherapy audit using an
anthropomorphic phantom following the IAEA-
TECDOC-1583 guidelines.*

After receiving the completed questionnaire and authority
to perform the audit measurements from the hospital, an
appointment was secured with the centre. The audit visit
was scheduled for at least 2 days.

The expectation was that reference beam audits will be
performed in the presence of the local medical physicist,
while end-to-end dosimetry audits will be performed in the
presence of both the local medical physicist and radiation
therapists. This pilot audit study did not include auditing of
clinical radiation oncology activities. The five participating
hospitals were labelled as 1 (with 1A representing linac 1 and
1B representing linac 2), 2 (one linac), 3 (one linac) and 4
(4A linac 1 and 4B linac 2) and 5. This was to ensure the
anonymity of the participating hospitals.

Materials and methods
Reference condition measurements

A dosimetry system consisting of a PTW 30012 Farmer
type cylindrical ionisation chamber, PTW T1002 unidos
electrometer, Lutron PHB-131 barometer, Yuwese DWL series
thermometer and a locally produced 30 cm x 30 cm x 30 cm
water phantom made of 1-cm thick Perspex walls was used.
For electron beam measurements, an Advanced Markus
chamber PTW 34045 was used in water with adjustable
height. An alternative method was tested using equivalent
phantom made up of 30 cm x 30 cm Perspex plates of
thicknesses 0.1 cm, 0.2 cm, 0.5 cm and 1 cm. The ionisation
chamber was calibrated at the national SSDL for treacebility.
The method of using a Perspex plate phantom for the electron
beams was adopted in order to accurately scale the
measurement depth. As a general principle, equipment was
left to stabilise to ambient conditions for about an hour before
any measurements commenced. Linear accelerators audited
during this pilot study included two Varian DMX 2100C, two
Elekta Precise and four Siemens Primus units from the five
different hospitals.
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Photon beam setup

The water phantom was placed on the couch top and set up
for vertical irradiation with the linear accelerator gantry and
collimator positioned at 0 degrees. For hospitals using source
axis distance (SAD) setup, the reference point of the ionisation
chamber labelled Z , was positioned at 10 cm depth, and the
source surface distance (SSD) was set at 90 cm (Figure 1).! For
SSD setup, the reference point was set at 10 cm depth and the
SSD was set at 100 cm.

The set field size was 10 cm x 10 c¢m at isocenter for SAD
technique and at the water surface for SSD technique. A
calibrated thermometer and a barometer were used to
measure the temperature and pressure measurements,
respectively. Using the ionisation chamber connected to the
electrometer, charge measurements were taken with a beam
on time of 100 MU on the linear accelerator. Equation 1 was
used to calculate the absorbed dose at a depth of maximum
dose for the SSD setup and Equation 2 was used for the
SAD setup:

Mk kg kN, ok

_ TP *elec D,w,0, 0,0,
DW,Q (Zmax )_ Pdd [Eqn 1]
Zref
M,y kg ko k Ny ok
D, (e )= S M, o [Eqn 2]

Zref

where Z__ is the depth of maximum dose. Z__ is the reference
depth. M, is the charge reading. K _is the electrometer
calibration factor. K}ml is the polarity correction. K_ is the
recombination correction. Np o0 18 the absorbed dose to
water calibration factor for a dosimeter at reference beam

quality Q .

koo, is the beam quality correction factor that accounts for
the difference between the reference beam quality Q, and
the actual quality Q being used. k,, is the temperature and
pressure correction factor calculated using Equation 3:

v <+— Radiation beam sources

A

SSD

Reference field size \

| ™™ lonisation chamber

Source: Khan FM. The physics of radiation therapy. 5th ed. Philadelphia, PA: Lippincott
William and Wilkins; Wolters Kluwer Health; 2009

SSD, source surface distance.
FIGURE 1: Geometric illustration of beam measurement setup.
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P
2T B (Eqn 3]
273247, P
T and P are standard temperature and standard pressure,
respectively. Pdd, is the PDD at reference depth. TMR,  is
the tissue maximum ratio at reference depth.

Electron beam setup

Electron measurement was carried out at calculated Z ; in
water. The R,  for each energy was determined from the
PDD data provided by the hospital. The output of the beam
for each selected energy was computed following the IAEA
TRS 398."

An alternative cross-calibration method was used following
the conversion mentioned in the AAPM TG 21 where for
each energy, the Z _ was determined using the scaling factor
of 0.88 for Perspex (Figure 2).! This method was carried out
after the dose output was measured in water as a means to
cross calibrate the beam output in cases where the hospital
does not have a water phantom of adjustable vertical
movement.?%

The reference depth in Perspex, Zrefp’ was therefore determined

from the reference depth in water, Z

ref,w/

using the scaling
factor.*

Z =7 _ xSF(0.88) [Eqn 4]

refp - ref,w

The SSD was recalculated to compensate for the scaling factor
and given as SSD1 using Equation 5.

SSD1 =SDD+(Z, - Z..) [Eqn 5]

In the final setup for the dosimetry audit measurement for
the electron beams, the ionisation chamber was placed at Zm:p
in the Perspex, and the SSD was set at the calculated value of
SSD1. Charge measurements were taken using the ionisation
chamber and the electrometer for a beam on time of 100 MU.
All corrections as in Equations 1 and 2 above were applied
following IAEA TRS 398 Protocol to determine the absorbed
dose at Z . The PDD was then used to determine the

ref,p.
absorbed dose at d___for electron beams. The results of this

A Z . xSF Z . atSSD1

refw refw refp

Source: Khan FM. The physics of radiation therapy. 5th ed. Philadelphia, PA: Lippincott
William and Wilkins; Wolters Kluwer Health; 2009

SSD, source surface distance.

FIGURE 2: Geometric illustrations using scaling factor from water to Perspex
measurements.
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method were within 1.0%, and it was recommended that in
case there is no phantom with vertical adjustment, this
method can be considered if validated.

Non-reference condition audit measurements

Measurements for field size dependence (or output factors)
were carried by taking radiation beam output measurements
for different field sizes. Output factor measurements were
carried out for field sizes 5 cm?, 6 cm?, 8 cm?, 10 cm?, 12 cm?,
15 cm? and 20 cm? for photon energies at 10 cm depth and
6 cm?, 8 cm?, 10 cm? and 15 ecm? applicators for electron beams
at specified Z ; for each applicator. The output factor was
calculated using Equation 6.

M,
£ [Eqn 6]

ref, f&

Output Factor =

where M, is the reading for the selected field size and M, is
the reading for the reference field size obtained in the 10 cm x

10 cm field.

Wedge transmission output factors were obtained for photon
beams by measuring output for a reference field size of
10 cm x 10 cm with and without the wedge in place at 10 cm
depth in water. The measurements were carried out at
90° and 270° with ionisation chamber position longitudinal
to the wedge. The wedge transmission factor was then
calculated using Equation 7.

Mwedge
Wedge Factor = v [Eqn 7]

ref

where M e is the reading with wedge, and M __is the reading
at reference condition, 10 cm x 10 cm field size without the
wedge. The results were compared with data provided by the
hospital from TPS or commissioning measurement.

End-to-end audit measurements

In radiotherapy, different models of TPSs are used. In this
pilot study, the TPSs audited included Eclipse, Oncentra,
XIO and Monaco. In this audit procedure, the CIRS IMRT
thorax phantom (Figure 3)? was set up at the radiotherapy
department’s CT scanner using the three-point setup markers
on the phantom.”® The phantom was scanned, and CT data
transferred to the TPS for positioning verification, anatomical
verifications and treatment planning preparations.

A three-field plan was prepared according to the procedure
given on the TAEA-TECDOC-1583 guidelines, and the
reference points were identified on a specified axial slice as
shown in Figure 3(b).%?

Treatment plan parameters

e (Createa 15 am x 15 cm field at isocenter.

* Set gantry angle to 0° and collimator rotation to 0°.

e Label the field as ANT.

e (reate a second 15 cm x 15 cm field at the same isocenter.
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Right lung dose point

Water equivalent b

dose point

Reference point (Norm.)

Source: Brunckhorst E, Gershkevitsh E, Ibbott G, et al. IAEA-TECDOC-1583. Commissioning of radiotherapy treatment planning systems: Testing for typical external beam treatment techniques.

Vienna: International Atomic Energy Agency; 2008

FIGURE 3: (a) Thorax phantom (CIRS Model 002LFC) and (b) the reference points used during the dosimetry audit measurements.

® Set gantry to 110° and collimator to 0°.

e Label the field as LPO.

e Create a third 15 cm x 15 cm? field at the same isocenter.

e Label the field as RPO.

® Set gantry to 250° and collimator to 0°.

e Set prescription to 1 Gy at isocenter with equal field
weighting.

e Calculate TPS MU/time needed to deliver 1 Gy to the
reference point.

® Report the computed dose at reference point (Iso).

e Compute the dose at the "Water equivalent dose point’,
‘Reference point norm” and ‘Right lung dose point” as in
Figure 4.

® Report the computed dose at created dose points.

Treatment delivery

® DPrepare the plan for treatment and set up the phantom on
the couch of the treatment machine with same orientation
as in CT (head first supine) towards gantry.

® Set the gantry and collimator as in treatment planning
report.

e Align the phantom with lasers intersection at the centre of
the phantom as in CT scan.

e Set the isocenter to the X, Y and Z coordinates obtained in
planning.

e Verify the SSD.

e Ensure that the light field is not passing through the
couch on any of the fields.

¢ Insert the Farmer ionisation chamber at the reference
position using the correct insert holder — light blue (Make
sure the calibration equipment is allowed enough time to
settle to room condition).

* Deliver the treatment plan to the phantom and measure
the dose to reference point from each field contribution.

® Record the value of the measured doses. Repeat irradiation
at least three times for statistical evaluation.

e Insert the Farmer ionisation chamber at the ‘Water
equivalent dose point’ position using the correct insert
holder (light blue).

¢ Deliver the treatment plan to the phantom and measure
the dose to reference point from each field contribution.
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FIGURE 4: Photon beam output, TRS 398, for five hospitals (1A, 1B, 2, 3, 4A,
4B and 5).

e Register the value of the measured doses. Repeat
irradiation at least three times.

® Insert the Farmer ionisation chamber at the ‘Right lung
dose point’ position using the correct insert holder (pink).

® Deliver the treatment plan to the phantom and measure
the dose to reference point from each field contribution.

e Register the value of the measured doses. Repeat
irradiation at least three times.

Ethical considerations

No patient data were used in this study. A waiver from
ethics clearance was received for this study from the
Human Research Ethics Committee of the University of the
Witwatersrand (W-CJ-171916-2). Consent letters providing
approval to access radiotherapy equipment at each hospital
were received.

Results and discussions
Initial beam data collection
The collected beam data, which is PDD and TPR, . from

20,10
different hospitals before onsite visit, were compared for the
same photon energies. When comparing these beam data

amongst the hospitals, the variation of PDD and TPR

20,10
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supplied values for the photon beams was found to be within
0.7% and 4.5%, respectively.

Reference beam data audits

The results for the reference dose output as measured by the
auditor for the photon and electron beams (Figures 4 and 5,
respectively) for the five pilot hospitals (1 [1A and 1B], 2, 3, 4
[4A and 4B] and 5) are presented as a function of the nominal
beam energy. Dose output measurements were only taken
once during the onsite visit, and only hospitals with disputed
results took other measurements with their own equipment.

Under photon beam reference conditions, the minimum
difference between the expected and measured beam outputs
was in the range between 0.3% and 2.5%.

The agreement in the electron reference beam output ranged
from 0.15% to 8.0%. No trend was observed with energy
except on hospital 2, which showed better agreement at
midrange energies. The variation could be attributed to the
frequency of use; however, the main contributing factor was
found to be coming from the different calibration setup and
the use of a cylindrical chamber versus parallel-plate chamber.
Some centres did not use a parallel-plate chamber, and this
may have contributed to the increased error margin, especially
at low energies as a cylindrical ionisation chamber is not
recommended for electron energies < 10 MeV. Because of lack
of calibration facilities at the local calibration laboratories,
most centres with a parallel-plate chamber did not have
updated calibration records, and this also contributed to
increase in error margin.

Non-reference conditions

For this audit test, the measured data for the output factors
for both low-energy and high-energy photon beams were
compared with the data received from the pilot hospital
(Figure 6) for each corresponding linear accelerator.

The measured output factors were compared with the data
collected for the minimum field size of 5 cm? to the maximum
field size of 20 cm?. The agreement varied from —4.7% to just
below 2.2%.
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For the wedge transmission factors, the measured data for
both low- and high-energy photon beams averaged for 90°
and 270° collimator rotations were compared with the data
received from the pilot hospitals. For the Varian and Siemens
linear accelerators, wedge factors were measured for 15°, 30°
and 45° wedges. The Elekta linear accelerators are equipped
with a motorised wedge, and only the 60° angle was used for
the audit measurements. The variation in wedge transmission
factors was between —2.2% and 4.8%.

In this audit test, not all non-reference beam data requested
from the hospitals were provided adequately.

This could be attributed to a lack of understanding on the
objectives of the audit from the respective professionals
because not all centres had been subjected to external audits
previously. Also, some data were obtained entirely from the
TPS because clinical tables, which are usually generated
during commissioning, were not available. Some resident
medical physicists did not have access to the original
commissioning data. This indicates that there is poor record-
keeping, inadequate professional handover procedures as
well as an overall lack of quality management.

End-to-end dosimetry audits

End-to-end dosimetry audit measurement results are
presented for all three different reference points created
during planning phase (Figure 7). Dose values were measured
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FIGURE 6: Comparison of measured and given output factors for five hospitals
(1A, 1B, 2, 3, 4A, 4B and 5).
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FIGURE 5: Electron beam output for five hospitals (1A, 1B, 2, 3, 4A, 4B and 5).
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FIGURE 7: End-to-end results for five pilot hospitals (1, 2, 3, 4, and 5).
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at the reference points labelled Iso, Central water and Lung.
The difference between the TPS dose value and linac
measured values was plotted in Figure 7 with pilot hospitals
indicated by number 1-5.

The variation in the dose calculated by the TPS and the dose
measured using the ionisation chamber in the CIRS IMRT
phantom at the three reference points was within the range +
7.0%, and the results outside + 5.0%, which is stated by the
IROC group, require more interventions. It is recommended
that a follow-up should be done to investigate the factors
contributing to the high error margin difference in these
measurements. Factors that could be considered may include
chamber close to field edge, couch attenuation and the use of
a 0.6 cc ionisation chamber instead of smaller chambers as
well as shortcomings with the dose calculation algorithms
and setup errors.

Conclusions

The pilot study for the establishment of national radiotherapy
and medical physics dosimetry end-to-end audit was
successful. Up to 85% of audits comparison was within the
2% threshold, and 95% of audits comparison was within the
5% threshold. The results show that there is a need to
conduct external dosimetry audits because some hospitals
had radiation outputs outside the stated limits. A steering
committee consisting of representatives like oncologists,
radiation therapists, medical physicists and members of the
regulatory body was formed to monitor the establishment of
the programme. The JAEA and IROC recommend the 5%
tolerance for the dosimetry audits, and such measurement
outside the tolerance requires thorough investigations.

Some of the challenges encountered during the pilot phase
included lack of proper knowledge on the need for audits
and inexperience staff or junior staff provided during audit
measurements. Some of the initial data provided for
comparisons, especially for non-reference audits, did not
correspond to the request and could not be properly
evaluated, as such follow-ups should be done. Some of the
selected centres are far away from an audit laboratory, and
proper funding for the logistics of developing national
onsite audits is crucial. The success of these onsite pilot
audits provided a platform to formulate and validate the
prepared procedures required for rolling out a full national
dosimetry audit programme. This pilot study was limited to
reference beams and standard radiotherapy treatment.
Further studies have been proposed to establish dosimetry
audits for advanced radiotherapy techniques and small
fields.
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