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Abstract

Purpose: To test the concept of Statistical Process Control (SPC) as a Quality
Assurance (QA) procedure for dose verifications in external beam radiation
therapy in conventional and 3D Conformal Radiotherapy (3D-CRT) treat-
ment of cervical cancer. Materials and Methods: A study of QA verification
of target doses of 198 cervical cancer patients undergoing External Beam Radi-
otherapy (EBRT) treatments at two different cancer treatment centers in Kenya
was conducted. The target doses were determined from measured entrance
doses by the diode in vivo dosimetry. Process Behavior Charts (PBC) developed
by SPC were applied for setting Action Thresholds (AT) on the target doses.
The AT set was then proposed as QA limits for acceptance or rejection of veri-
fied target doses overtime of the EBRT process. Result and Discussion: Target
doses for the 198 patients were calculated and SPC applied to test whether the
action limits set by the Process Behavior Charts could be applied as QA for
verified doses in EBRT. Results for the two sub-groups of n = 3 and n = 4 that
were tested produced action thresholds which are within clinical dose specifica-
tions for both conventional AP/PA and 3D-CRT EBRT treatment techniques
for cervical cancer. Conclusion: Action thresholds set by SPC were within the
clinical dose specification of +5% uncertainty for both conventional AP/PA
and 3D-CRT EBRT treatment techniques for cervical cancer. So the concept
of SPC could be applied in setting QA action limits for dose verifications in
EBRT.
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Verification, External Beam Radiation Therapy

1. Introduction

We had only one public cancer treatment center (Kenyatta National Hospital—
KNH) in Kenya, which had been operational since 1970s. Recently (2009-2021),
six private and three public hospitals, have opened modern radiotherapy facilities
for cancer care and treatment. The major workload though, lies at the public
hospital where the charges for cancer care and treatment are affordable by the
public compared to the private hospitals. Other four public cancer centers have been
proposed and are at an advanced stage to open their radiotherapy services as
well.

Although cancer can be treated by surgery or chemotherapy, radiotherapy is
an essential part of cancer treatment. It can be divided into EBRT and brachythera-
py. Radiotherapy is needed for the treatment of 80% of all cancer patients worldwide
[1] [2]. The treatment of choice depends on the type of cancer, the stage and ex-
tent of the disease among other factors. Some of the cancer treatments are given by
either one treatment modality (for example, radiotherapy, surgery or chemotherapy)
or by a combination of the different modalities, also depending on the type and ex-
tent of the disease.

Cervical cancer is the most commonly treated cancer by radiotherapy in Kenya
as reflected on the cancer treatment statistics of 2007-2012 from the public center
[3]. We proposed the QA study on cervical cancer patients due to the high fre-
quency of the patient numbers compared to the other cancer types treated at the
center.

QA is an essential part of a radiotherapy process and high accuracy is necessary
to produce the desired result of tumor control rates. Also, radiation can be harm-
ful if not used properly to protect health and minimize danger to life and prop-
erty. Thus, a system of high quality and safety culture has to be developed within
the course of dose delivery.

“QA in radiotherapy is concerned with all aspects of the radiotherapy process
ranging from registration, diagnosis, simulation, treatment planning, dose delivery
to dose verification. It is also concerned with the identification and reduction of
sources of uncertainties and errors, taking into consideration the economic, medical
and legal implications; as well as consideration of the need for accuracy in the
radiotherapy process and avoidance of treatment errors. Also, note that random
and systematic ‘errors’ should be called ‘uncertainties™ [4].

In Kenya, to date, there are only three operational public radiotherapy centers
against a population of about 48 million people. The quality of dose delivery
thus may be compromised by other factors. So, there was a need now to establish
a routine procedure for dose verification in radiotherapy and in vivo dosimetry

is one of the methods that can be used for verification of the radiation dose deliv-
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ered to a patient in EBRT.

In Vivo dosimetry has proved to be a useful tool for QA in radiotherapy. It is
the only way to check that the delivered dose corresponds to the prescribed dose
(5] [6].

In Vivo dosimeters can be used to identify major deviations in the delivery of
treatment and to verify and document the dose to critical structures. They can
also have large uncertainties which should be assessed before using them.

In Vivo dose measurements can be divided into entrance dose measurements,
exit dose measurements and intra-cavitary dose measurements.

The entrance dose for in vivo dose measurements is defined as the dose at the
depth of dose maximum. It can verify the patient set-up, the radiation output,
and the performance of the radiation equipment. Likewise, exit dose measurements
verify the dose calculation algorithm and determine the effect of various factors
like the contour of a portal treatment, patient’s thickness and tissue in-homo-
geneities as well as calculation of absorbed dose for radiation therapy of cancer
patient [7] [8].

Entrance and exit doses can be derived from diode readings by multiplication
with an absorbed dose to water calibration coefficient and a number of correction
factors that depend on the specific irradiation parameters used. It is also necessary
to calibrate the diodes frequently due to the decrease in sensitivity with integrated
dose, for example once in a few weeks, depending on the diode workload.

Uncertainties in measurements are expressed as relative standard uncertainties
and the evaluation of standard uncertainties is classified into type A and type B.
The method of evaluation of type A standard uncertainty is by statistical analysis
of a series of observations, whereas the method of evaluation of type B standard
uncertainty is based on means other than statistical analysis of a series of observa-
tions [9].

TLDs and semiconductor detectors (silicon diodes) are the types of dosimeters
most commonly employed for in vivo dosimetry purposes [10]. Other systems have
also been used, including film, gel dosimeters, ionization chambers and electronic
devices.

Diodes have an advantage of having high sensitivity, give instant read-out and
require only simple instrumentation. Their disadvantages include the exhibition
of directional dependence related to the construction of the diode and its build-up
cup; and for entrance and exit dose measurements, separate calibrations are re-
quired, with the diodes irradiated on both orientations.

The purpose of a QA procedure in radiotherapy is to evaluate a particular
treatment delivery process. To develop a QA procedure, specifications must be de-
fined for whether a particular instance of the QA result is acceptable or unaccepta-
ble. Radiotherapy specifications are set by requirements on the dose delivered to
the patient to treat the disease [11] [12]. Within the QA process, there are ran-
dom and systematic errors which can be differentiated by action thresholds de-
veloped by statistical process control as proposed by Pawlicki [13].

One goal of an optimal QA procedure is to minimize the number and magni-
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tude of systematic errors. This can be achieved quantitatively by setting action
thresholds. A conventional approach for setting action thresholds is to use the
mean and standard deviation of a data set obtained by the QA process [14]. Thresh-
olds on treatment accuracy were set on the allowed difference between the treatment
plan dose and the measured diode dose; and action thresholds based on the in vivo
dosimetry can be set at two and three standard deviations (2.00and 3.00). A simi-
lar approach was used by Van Esch ef al [15] where 202 cases of breast cancer
treatment were used to collate treatment parameters such as length, vertical table po-
sition, total dose, etc. The mean and standard deviation of each parameter are de-
termined and action thresholds are set at about two to three times the standard devi-
ation. If any future value was outside the threshold, then further investigation should
be done.

Process behavior charts were first developed by Shewhart [16] and are the foun-
dation of SPC. QA can be described from a process behavior viewpoint in regard
to the development and characteristics of process behavior charts and their func-
tion in setting action thresholds. Process behavior charts in application to cervical
cancer treatments in radiotherapy by EBRT will be given. The steps to create these

charts are described as well as specifics of how to use them.

2. Materials and Methods

Previously, the main equipment for cervical cancer treatment by EBRT in Kenya
was two Co-60 machines available at the public referral hospital (KNH). One of
the two Co-60 machines, referred to as Equinox (MDS Nordion, Ottawa, Canada),
was used mostly for this work. The QA equipment used for EBRT dose calibra-
tion were an Ionization chamber (NE 2581, Farmer type) & electrometer, water
phantom (30 x30 x 30 cm), thermometer and barometer.

One diode and electrometer were used for the patients’ in vivo dose verification.
The diode was a cylindrical type, designed for use with photon beam energies be-
tween Cobalt-60 and 4 Mv and manufactured by Nuclear Associates (serial No.
11623, code No. NA#30-490).

The electrometer was manufactured by Radiation Measurements Inc. (RMI),
Model No. 250 and Serial No. 250-1013D.

Patients who had qualified for radiotherapy treatment by EBRT and had ac-
cepted and consented for dose verification measurement were considered for the
study. Only two measurements were done on each patient during her first, second
or third day of the daily dose treatment. The two doses are the entrance dose meas-
urement which was taken while the patient is received her AP dose and the other,
the exit dose, during the opposed PA treatment with the diode fixed on the AP
field for both the treatments.

The dose to be verified first, is the calculated dose at the entrance (reference
dose). This dose is calculated from the patient’s AP/PA separation (patient thick-
ness) in centimeters and from the knowledge of PDDs for different field sizes.

There are worldwide acceptable data of PDDs for different field sizes but we used
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the British Journal of Radiology chart of PDDs for Co-60 gamma radiation at 80
c¢cm SSD [17].

The dose at the entrance for each field is prescribed, depending on the patient’s
thickness, so as to give 100 cGy as the tumor at the mid-separation. The cervical
cancer treatment volume was estimated to be approximately and within the mid-
separation of the patient and along the pelvic region of the body. All the patients
were treated by Co-60 EBRT at KNH using two parallel opposed AP/PA fields
technique.

We investigated midline target doses of cervical cancer patients with the in-
formation of patient’s AP/PA separation/thickness and PDDs. The target doses are
determined from entrance doses that have been measured on the central beam
axis by use of a diode.

The following are some clinical considerations for patient in vivo dosimetry
with diodes:

e Diode should be securely in contact with the patient skin;

o The central axis is a reproducible location;

e The placement point should be documented and reproducible for follow-up
measurements.

It was noted that errors in positioning the diode for the exit dose on a patient
may occur since the central axis is not visible on the exit side. These errors were
minimized by placing the diode at a documented position that is reproducible on
all the patients. The position of the diode for each patient would be along the pa-
tient’s posterior longitudinal mid-line, and on the centre of the posterior treat-
ment field.

The Nairobi Hospital (TNH) was the second cancer center where 90 cervical
cancer patients were verified. The equipment for cervical cancer treatment by
EBRT was two Varian Linear Accelerators (2300D series) that provide 6 MV and
15MV photon beams. Diode in vivo dosimeters (IBA Dosimetry GmbH; Schwar-
zenbruck, Germany) for these photon energies were also available and were used
for verification of the patient doses. Here, 3D CRT treatment technique was used
for EBRT treatment of anterior and two lateral fields for each daily treatment.
Only the anterior field dose was verified here for each patient and the IVD veri-
fication doses then normalized to 100 cGy and plotted in Figure 2.

Results of the verification data from the two institutions (KNH and TNH) were
then plotted in Figure 1 and Figure 2 and clearly indicated different positions of
the four cadres.

A normal curve is a distribution of frequencies of the characteristics of interest.
In the case of normal distribution, the random variable is the characteristic of
interest which is usually plotted on the horizontal axis and the frequency of the
characteristic plotted on the vertical axis. The normal distribution curve depends
only on two parameters: the population mean, g and the population standard de-
viation, o. The shape of the normal curve is determined by the value of the popula-

tion standard deviation. Normal distributions with small standard deviations
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Figure 1. Graph of entrance, tumor and exit doses of 126 cervical cancer patients treated by Co-60 at KNH in 2013.
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Figure 2. Graph of normalized IVD entrance and tumor dose for 90 cervical cancer patients treated at TNH in 2016.
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have narrow steep sided and peaked bell shapes. Those with large standard devi-
ations have curves with less pronounced peaks and less steep sides. So there is a
very large group of curves of varied peaks belonging to the normal curve family.
Each curve differs from all the others by its mean and standard deviation. The shape
of the plotted graph is an indication that the sampled population was normally
distributed (Figure 3).
For the scope of this work, we will define the mean and standard deviation.
Consider the following sampled population of a normal distribution;
X, X5, Xg,0, Xy » Where N=108.

Mean, =X =X +X,+X ++Xy]/N (1)

Standard deviation, o = Z.N: NES 7]2 / N (2)

Given a QA procedure from which sequential data may be obtained, the stream
of data may be used to draw inductive conclusions about the underlying process
[14]. From the measurement set, the physicist may need to know when an anom-
alous data point is within the limits of random variation in the process or when it
is due to a systematic change in the process.

An average chart can be defined to achieve this. It provides a measure of lo-
cation dispersion for the data. Each chart will have an upper (UL) and a lower

limit (LL) which are determined statistically and will serve as action thresholds.
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Figure 3. Histogram presentation of the target dose of the 126 KNH cervical cancer patients sampled against their frequency.
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The procedure for creation of average chart is described in Appendix A.
Average charts have been created for the 108 patients treated and verified, Fig-

ure 4 and Figure 5.
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Figure 4. Average chart for KNH tumor dose data of subgroup size nn = 4. The data are sampled from the nor-
mal distribution and have mean tumor dose, 4 = 100 cGy, and standard deviation *+ 5% (at 95% confidence in-
terval, 20) as determined by SPC.
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Figure 5. Average chart for TNH tumor dose data of subgroup size n = 4. The data are sampled from
the normal distribution and have mean tumor dose, 1= 99 cGy, and standard deviation + 5% (at 95%
confidence interval, 20).
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3. Results and Discussion

Patient data of entrance and exit dose were determined by use of a diode in vivo
dosimetry system after the required calibrations. At KNH, measurements of pa-
tients’ AP/PA separation were also taken for purposes of calculating the refer-
ence dose. Target doses for the 108 patients were then calculated from their re-
spective entrance doses. Histogram graph of the target dose against frequency is
presented in Figure 3, and is bell-shaped with prolonged extensions on either
side. This shape is an indication of data from a normal distribution with a mean
dose of 100 cGy and standard Deviation of 3.3. This data was then used to com-
pute process behavior charts, since it qualifies to be from a normal distribution.
Following Appendix A guidelines, one is then able to determine the action thresh-
olds from both process behavior charts and standard uncertainty for subgroup size,
n = 4. Points up to subgroup No.15 (60 samples) on subgroup size n = 4, were used
for determination of action thresholds. These results are presented in Figure 4,
and Figure 5 for subgroup size n = 3.

After determination of the action thresholds, it was clear that the system dose
delivery for the patients was stable, since no point was outside the action limits.
If a point falls outside the action limits in future after the action limits have been
set, then action ought to be taken in order to rectify the situation. Then after rec-
tification, a repeat verification measurement has to be done and should be within
the action limits in order to be acceptable. So the action limits set by the SPC would
act as thresholds for a measured target dose and would be acceptable if it does not

fall outside the set limits.

4. Conclusions

Process behavior charts determined by statistical process control of a radiotherapy
quality assurance process have been used to estimate the uncertainty of dose de-
livery to the target volume of cancer patients from two cancer centers (KNH and
TNH) in Kenya.

The results determined at 95% confidence interval (20) show a mean target
dose of 100 cGy per field with uncertainty limits set by SPC at +5% and 4% for
the limits determined by standard uncertainty, for the subgroup size n = 4. Sim-
ilarly, for the same data and with the subgroup size of n=3, the results are also
acceptable with a mean target dose of 100 cGy per field and with a standard de-
viation (at 95% confidence interval, 20) of £6% and +4% as determined by SPC
and by standard uncertainty respectively. The limits set here are within the clin-
ical requirement of £5% uncertainty for conventional AP/PA and 3D-CRT treat-
ment techniques for cervical cancer. Thus, SPC can be applied as a QA procedure
for acceptance/rejection of a measured target dose of an external beam radiother-

apy treatment.
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Appendix A. Theory/Calculation

SPC Application to QA in Radiotherapy

Given a QA procedure from which sequential data may be obtained, the stream
of data may be used to draw inductive conclusions about the underlying process.
From the measurement set, the physicist may need to know when an anomalous
data point is within the limits of random variation in the process or when it is
due to a systematic change in the process.

Two charts can be defined to achieve this; one that provides a measure of lo-
cation for the data and one that provides a measure of dispersion for the data.
The average and range charts are used here for the location and dispersion of the
data respectively; although other location and dispersion statistics could be used
with equal effectiveness. Each chart will have an upper and a lower limit which
are determined statistically and will serve as action thresholds.

Several steps are available for creation of the charts:

1) Obtain data from a QA process;

2) Compute summary statistics of the data;

3) Determine process parameters by obtaining limits;

4) Use process parameters to characterize process outcomes.

First, organize the data into periodic subgroups of 2, 3, 4, ..., or 100; so that
you can monitor the location or dispersion of the data generated by the treatment
process. Several measurements are obtained under the same conditions; and these
are the basis of a subgroup to be used as separate data that are subject to analy-
sis.

If the subgroups are statistically consistent over time, then the process that
created those subgroups is stable; that is, subject to only random variations. If
the subgroups are not consistent over time, then the process under consideration
is unstable and subject to both random and systematic variations. A process that
contains both random and systematic variations is unpredictable and a process
that displays only random variations is predictable within the magnitude of ran-
dom errors in the process. Action thresholds set by process behavior limits will
distinguish between the two sources or error. Data points within the thresholds
are within the range of random errors and may not have readily assignable cause
where as those data outside the thresholds will be likely to have assignable cause

for the systematic error.

Creation of Process Behavior Charts

A QA procedure for dose verification of cervical cancer treatments by EBRT was
used for data acquisition of 108 patients treated on Equinox Co-60 Teletherapy
machine at KNH. The technique of cervical cancer treatment here is by applica-
tion of two parallel opposed AP/PA fields for a daily dose of 200 cGy. All the pa-
tients were treated here with an aim of giving a dose of 100 cGy to the target from
each field.
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Numerical data acquired; X;,X,,X;,**, Xy » Where N = 108.

Subgroups of this data were then created; X, X,,%;,--+,X,, where n< N, n=4.

The average of a subgroup is x and the range value in a subgroup is R The
general principle when choosing a subgroup size is to ensure subgroup homo-
geneity, that is, ensure the same quantity is being measured in the same way for
each subgroup. To monitor a process, two process behavior charts will be created;
an average chart for subgroup averages, X, and a range chart for subgroup rang-
es, R. The centre-line for the subgroup average chart is X , which is the average
of all subgroup averages. The centre-line for the subgroup range chart is R, which
is the average of all the subgroup ranges. The average chart will have an upper thre-
shold (A,), centre-line (A4,.), and lower threshold (A4,) defined as:

R

=X+3
A =X+ dZ\/ﬁ
A =X (3)
A=%-3-1

d,"/n

where the factor 3 is added as an economical margin for the limits. Similarly the
range chart will have an upper threshold (R,), centre-line (R.) and lower thresh-
old (R)) defined as:

R, ={1—3d—3}§
d,

The quantities @, and d; depend on the subgroup size 1, and are available in
Table Al of Appendix B.

The action thresholds determined by process behavior charts on the average
chart are series 5 and 6, while series 3 and 4 are limits calculated by two standard

uncertainties, where s(x), (from Appendix A) is:

s(x)z\/[anz—(ZX)ZJ/n(n—l) (5)
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Appendix B

The following table provides a list of bias correction factors, dand d; for differ-
ent subgroup sizes n. The bias correction factors establish a relationship between
the standard deviation for the original distribution and the range distribution
[13].

Table Al. List of bias correction factors, & and d, for different subgroup sizes, n.

Subgrop size, n 23 ds
2 1.28 0.8525
3 1.693 0.8884
4 2.059 0.8798
5 2.326 0.8641
6 2.534 0.848
7 2.704 0.8332
8 2.847 0.8198
9 2.97 0.8078
10 3.078 0.7971
11 3.173 0.7873
12 3.258 0.7785
13 3.336 0.7704
14 3.407 0.763
15 3.472 0.7562
20 3.735 0.7287
25 3.931 0.7084
30 4.086 0.6927
40 4.322 0.6692
50 4.498 0.6521
100 5.015 0.6052
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