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Introduction

The advance in technology provides successive generations 
of treatment planning system (TPS) and several techniques 
for radiotherapy. Therefore, the expected clinical results of 
radiotherapy are related to the calculated dose, which should be 
calculated using a dose calculation algorithm integrated in TPS. 
These algorithms show the results as dosimetric parameters 
displaying dose volume histograms or spatial dose distribution. 
Then, the validation of the treatment plan is based on the 

assessment of the TPS output. In this context, a challenge in 
radiation therapy for cancer treatment is to deliver the physical 
dose as close as possible to the prescription dose, depending 
on the accuracy of the dose calculation algorithms. The planed 
dose, given by the TPS, for each field could be compared 
with measured dose using Quality Assurance (QA) protocols 
according to the international recommendations (1-4).  
The gamma index (γ) tool allows to compare the spatial dose 
distribution displaying the dose difference with γ-maps (5-7). 
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At this extend, using adaptive radiotherapy the initial planned 
dose can be compared with daily delivered dose. Nevertheless, 
γ and dosimetric data derived from dose volume histograms 
have some limits, and they are not able to predict if the 
initial plan, taken as reference, should be readjusted during 
treatment. The dose alteration, if ignored, could endanger 
the clinical outcome of the treatment. Therefore, the medical 
physicists have to optimize and readjust the reference plan. 
These changes are supposed to take into account the variation 
due to morphologic effects, resulting from alterations of target 
or organs at risks during treatment. One should provide the 
physicists and radiation oncologists a tool allowing them to 
assess the modifications and re-planning the treatment. This 
paper presents a statistical process control (SPC) implemented 
in a step-by-step procedure that should help the medical 
physicists comparing the dosimetric outcome of different plans 
during treatment. The procedures are presented using a real 
example to compare dose distribution from two radiotherapy 
plans. The goal is to provide interpretable results to make a 
medical decision regarding the change or any optimization 
that can be carried out to readjust the reference plan.

Methods

Treatment plans

This study is based on 40 fields, which were used to treat 
eight targets being lung cancers. The computed tomography 

images of each patient were loaded into Eclipse® TPS 
(Varian Medical Systems, Palo Alto, CA, USA). Clinicians 
delineated the anatomic borders of target structures (PTV) 
and organs at risks (OAR). Prescription dose ranged from 50 
to 66 Gy, with a median of 57 Gy, in 2 Gy per fraction. Two 
different treatment plans were generated for each patient 
with 4 to 5 fields. The doses were firstly calculated using 
Pencil Beam modified Batho’s method and recalculated with 
Anisotropic Analytical Algorithm, making a change of dose 
distribution due to thoracic density heterogeneity (8-13). 

Statistical process control method

Figure 1 shows the dosimetric and statistical process control 
to compare treatment plans in radiation oncology. To carry 
out the process, we take all pixels “samples” from the region 
of interest (ROI) and analyze the sample distribution around 
the tolerance limits following three steps. The first step, is 
a comparison of dose distributions pixel by pixel of plans  
1 and 2, for the same patient, using the two dimensional (2D) 
γ-index. In second step, the pixels distribution around the 
specific limits should be analyzed by checking the normal 
test distribution. The distributions show different shapes 
and forms depending on average, standard deviation and 
variance. The Shapiro-Wilks test was used to assess the 
normality of data (14,15). In third step, data from γ analysis 
including the standard deviation and average can be used to 
determine Cp and Cpk, and then, the results are reported as 
the 95% confidence intervals. To measure the strength of 
the relationship between the γ passing rates and capability 
indices, Spearman’s rank non-parametric test is used to 
calculate P values.

Pixels by pixels analysis with 2D gamma
The dose distributions from plan 1 and plan 2, for the same 
patient, were compared using γ-index (7). Our goal was to 
determine the pixel ratio receiving the same irradiation. This 
γ tool combines two criteria including the dose difference 
in percentage and the distance to agreement in millimeters. 
An ellipse is used to determine the acceptable region, and 
γ≤1 represents fulfillment of the criteria. The DICOM 
images, including the dose distributions, for each plan 
were exported from TPS to RIT-113® (Dosimetry System 
Version 5.2, Radiological Imaging Technology, Inc., CO).  
The results can be displayed using γ-maps associated with 
cumulative dose pixel histograms. The pixels with γ≤1  
are the pixels of the tested plan having the same dose 
distribution than the reference plan. Using the γ criteria 

Figure 1 Quality control process including dosimetric and statistical 
analysis to compare treatment plans in radiation oncology.
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(3%, 3 mm), we considered that the reference and tested 
plans were similar, if 95% of pixels had γ≤1.

Capability indices
Two capability indices were calculated: process capability 
index (Cp) and process acceptability index (Cpk). The 
Cp, defined for data of normal distribution, measure 
the potential of the process to produce results within 
specification without taking into account the mean value of 
the process (16,17): 

USL LSL=
6σ
-

pC [1]

Cpk uses the mean and standard deviation of the process :

USL LSL= min ,
3S 3S
- - 

 
  

pk
x xC [2]

where USL and LSL are the upper and lower specification 
limits, x and S are estimators of the process mean and σ is 

the standard deviation. 
For non-normal data, the nonparametric capability 

index, Cnpk, can be estimated as (17): 

USL median median LSL= min ,
p(0.995) median median p(0.005)

- -

- -

 
 
 

npkC [3]

where Cnpk is an estimator of the nonparametric capability 
index, P (0.995) is the 99.5th percentile of the data, and P 
(0.005) is the 0.5th percentile of the data.

Figure 2 shows an example of the distribution shapes of 
data showing their relationship to the process target, USL 
and LSL with different capability ratios. It can be seen from 
Figure 2 that the values above one for Cp or Cpk show that 
the process is able to meet the control limits. The value of 
1.0 means that the data spread is equal to the action limit 
width and process variability just meets specifications. 
The values below one show that the process is not able to 
produce itself within the specifications. However, Cp does 

Figure 2 Examples of the distribution shape of data showing their relationship to the process target, its upper and lower specification limits 
USL and LSL, respectively, with different capability (Cp) and acceptability (Cpk) ratios.
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not indicate the degree to which the process is centered on 
the target. Therefore, Cpk describes how close the process 
center is to the nearest specific limit, as shown in the lower 
panel in Figure 2. 

Results

Comparisons of dose distribution

The tested plans yielded a lower dose compared to the 
reference ones, for target, the difference can reach 10%. 
Considering these results, the use of new plan instead of 
reference one to treat the patients would result in under 
dosage to PTV and over dosage to OAR. This difference 
may have a clinical impact compared to the reference plan 
and should therefore be investigated. The Shapiro-Wilks 

test showed a significant deviation from the normality. 
Figure 3 shows the distribution of the dose difference as a 
function of percentage of pixels, for reference and tested 
plans for 5 fields to treat one patient. In this case, the 
maximum difference was 6% and minimum difference was 
(−9%). The Cp and Cpk were 0.38 and 0.33, respectively. 

Quantification of dose distribution sensitivity

Figure 4 shows the results of 2D γ including γ passing rates 
for all γ criteria. It can be seen that the tolerance limit of 
95% of pixels having γ≤1 was respected with (6%, 6 mm). 
Figure 5 shows a sample of a 2D γ-maps in the axial views 
calculated from reference and tested plans for one patient. 
The red and blue coloring indicate that γ>1 and identifying 
over/under estimating dose, respectively, from tested plan 
compared to reference one. 

Sensitivity of capability indices to measure the dose difference

Figure 6 shows the results of capability indices Cp and Cpk 
for all γ criteria. It can be seen in Figure 6 that the two 
plans yield much difference since the indices have values 
lower than the one. The indices showed the amplitude of 
discrepancy and change between the two plans. Both indices 
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Figure 3 The distribution of the dose difference according to 
percentage of pixels, from reference and tested plans, with the 95% 
confidence interval for the process of 2D γ output with criteria (3%, 
3 mm). Values of difference should be between the dashed vertical 
lines with values lower than ±3% to consider that the tested plan was 
acceptable compared to reference one. Figure 5 2D-γ maps plotted on the axial view for comparing 

reference plan with tested plan. The red and blue coloring indicate 
that γ>1 and identifying respectively over/under estimating dose 
from tested plan compared to reference one. The dashed circles 
indicate the targets contours around. 

Figure 4 Results of 2D γ showing γ passing rates, for all γ criteria, 
with the 95% confidence interval for the process for all beams.
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Figure 6 The capability ratio (Cp) and acceptability ratio (Cpk) with 
the 95% confidence interval for all beams. Values of Cp and Cpk 
should be above the dashed horizontal line with values above one to 
consider that the tested plan was similar to the reference one.

Figure 7 The correlation for γ passing rates with Cp and Cpk 
capability indices.
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Correlation between 2D gamma passing rates and 
capability indices

The data resulting from γ showed a strong correlation with 
P=0.8 and 0.9 for Cp and Cpk, respectively. Figure 7 shows 
the correlation for γ passing rates generated for all γ criteria 
with both capability indices.

Discussion 

Among the numerous statistical methods available, we 
proposed and illustrated here a statistical process control 
to help the physicist to make a decision well adapted to 
compare dose distribution and to measure the amplitude of 
dose difference for radiation therapy plans, as for adaptive 
radiotherapy in the coming time. In case of comparison of 
dose distribution, the γ analysis is recommended to take 
into account the rank of the difference between each pair of 
pixels. However, this tool does not considers the size of the 
difference; it only shows if the γ criteria was applied. In this 
study, the Cp and Cpk indices were calculated according to 
dose difference measured pixel by pixels with γ. The Cp and 
Cpk have been used by others to assess linac constancy or to 
processes IMRT QA (18-23).

The example given in the present study concerning 
the dose distribution is a real example of comparison of 
two treatment plans in radiotherapy. The clinical results 
in radiotherapy rely on a rather narrow interval of planed 
dose and a small deviation should to be considered. 

Considering the allowed dose difference from tested plan 
compared to reference one is ±3%, a very dispersed dose 
difference was observed and the magnitude of the dose 
difference can reach up to ±10%. The γ passing rates give 
little information about the amplitude of dose differences. 
For example, using (3%, 3 mm) level, the γ passing rate 
shows only if the tolerance 95% of pixels with γ≤1 was 
respected or not between the two plans. Using the Cp and 
Cpk, we can get a valuable information about the amplitude 
of the dose difference. Interestingly enough, we observed 
a good correlation between capability indices and γ passing 
rates. Therefore, it can be adapted to compare any type 
of situation resulting at last in dosimetric differences as 
different irradiation methods or TPS. Here, they showed 
the change due to lung density correction by two different 
algorithms using the same beam configurations. They can 
also measure the degree of over/underestimation of dose 
for target and OAR. In this study, an increased dose within 
the OAR and decreased dose into the PTV was observed 
using tested plan which was normalized keeping the same 
prescription dose. The explanation was that the 95% 
isodose did not cover the same PTV fraction and that the 
isodose curves were more extended in lateral direction. 
This change can be rapidly observed with γ-index, but 
accepting 95% of pixels does not show the magnitude of the 
difference. This represents the limit of γ criteria to accept 
a treatment plan. Conversely, the use of capability indices 
allows the medical physicists to be aware about a dose 
change and the need to optimize the beam geometry to 
better cover the PTV by the reference isodose. Considering 
the present results, the tested plan would not be acceptable 
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to treat the patient compared to the reference one.
We recommend making a distinction when calculating 

Cpk for normal/no-normal data and report the 95% 
confidence intervals, which seems to be important to 
understand the reliability of the process and its ability 
and capability. For no-normal data, the equation (3) can 
be used. We also recommend analyzing and measuring 
the dispersion of dose difference, with 2D or 3D γ, and to 
use capability indices, instead of using a single point, to 
compare the dose differences. The use of all data “pixels/
voxels” provide a sufficient set of data to estimates Cp and 
Cpk and avoid the large variability of both indices.

Conclusions

We illustrate in this study the use of statistical process 
control to compare treatment plans in radiotherapy for 
the same patient. The relationship between capability 
indices, Cp and Cpk, with gamma passing rates was tested 
using Spearman’s test. Both indices measure the amplitude 
of dose difference, pixels by pixels better than gamma 
index. They can be used as complementary information 
to validate or optimize the treatment plan for adaptive 
radiotherapy during treatment or compare irradiation 
techniques. 
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