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Introduction: Dose distribution can be affected by diverse parameters, such as beam orientations, and
collimator angles. These parameters should respect and maintain the international recommended levels
during the realization of the quality assurance protocols of linear accelerators. This study aimed at evaluating
the dosimetric effects on treatment quality considering the mechanical error fluctuations in the recommended
range.

Material and Methods: This study included ten patients with head and neck cancer. All of them were treated
using three-dimensional conformal radiotherapy with the simple 3-field classic technique. Initially, an
optimized treatment plan was computed for each patient. Afterward, similar calculations were executed by
varying isocenter position, gantry and collimator angles. Eventually, dosimetric evaluations based on dose-
volume histograms were studied and analyzed by Wilcoxon signed rank test for each plan.

Results: The analysis of the dose-volume histograms of tumor volumes and organs at risk, as well as the
dosimetry calculation, revealed that the small errors of 0.5° in gantry and collimator angles have minimal
effects on dose distribution. However, the variation in isocenter coordinating up to 1 mm may influence the
patients’ treatment quality, particularly in the spinal cord and the brainstem, in which Wilcoxon's test showed
significant effects in all plans.

Conclusion: According to the results, the quality of the treatment plans is almost insensitive to the errors of
the gantry and the collimator angles of the order 0.5° though it is relatively sensitive to isocenter errors (1
mm). These should be reduced in order to avoid overdose when applying the conventional 3-field technique.
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Introduction

The quality assurance of radiotherapy treatments
is automatically correlated with patient safety. As the
objective is to ensure that the exposure of normal
tissue is kept as low as reasonably achievable, it must
be consistent with the delivering of the required dose
to the planning target volume (PTV) [1].

Currently, clinical observations have indicated that
the majority of treatment failures, after radiation
therapy, are manifested by local relapse as the first
sign [2-4]. Therefore, the measures to ensure the
quality of a radiotherapy treatment inherently provide
safety for patients and avoid accidental exposure.
Recent technological advances in computer
applications and linear accelerator (LINAC)
technology have provided new devices to produce and
deliver optimized radiation treatments [5].

In Africa, most radiotherapy centers are fairly
basic. They mostly offer palliative care and simple
curative treatments based on two-dimensional
imaging and treatment planning [6]. Approximately,

80% of centers are small with one or two
radiotherapy machines and basic equipment for
imaging and treatment planning [7]. Some advanced
centers are equipped with modern imaging tools,
treatment systems, and more complex radiotherapy
procedures, such as three-dimensional conformal
radiotherapy (3D-CRT). These centers are able to do
intensity-modulated radiotherapy and image-guided
procedures. However, the later accounts for only
about 2% of radiotherapy centers in Africa [7].
Accordingly, the focus will be on the 3D-CRT
treatment in this study. In practice, the conformal
three-dimensional radiation therapy plans are usually
obtained using treatment planning system (TPS) in
which the final dose distributions are determined by
many beam parameters, such as beam orientations,
and collimator angles.

These latter parameters have to respect certain
constraints and tolerances during the realization of
the quality assurance protocols of linear accelerators.
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They are issued by the  International
Organization for Medical Physics [8-12] in order to
ensure that the accurate dose has been delivered in
the defined volume.

With this background in mind, this study carefully
examined the dose distributions accuracy delivered to
patients with head and neck cancer and analyzed the
dosimetric effect resulted from the collimator angle,
the isocenter move, and the gantry angle errors. To
this end, six non-equally spaced coplanar beams were
used for the treatment and they were divided into
three series of treatments.

Materials and Methods

This study included 10 patients with head and neck
cancer for which planning targets have been contoured
for gated treatments. The prescription dose has been
defined as the dose that covered 95% of the planning
target volume [13]. Targets contoured for each patient
had 3D-CRT plans; therefore, the prescribed dose
increased to the upper limit which was below the dose
constraints of the organs at risk.

All plans were calculated with the Analytical
Anisotropic Algorithm (AAA) using Eclips 13.6 TPS.
The planned doses include 70 Gy, 2 Gy/fraction, and 5
fractions/week to a reference point in the PTV. A simple
3-field classic technique (two lateral opposed fields
abutted to an anterior low-neck field) was utilized
through adding electron beams to match the photon
fields (Figure 1) in order to spare the spinal cord when
delivering doses larger than 45 Gy [14,15].

The superficial tissues in the shielded area were
treated with the electron beams of energy insufficient to
cause further significant irradiation of the spinal cord (6-
12 MeV).However, the incident photon beam energy
was 6 MV generated using a Clinac 2100 C (Varian
Oncology System).

Figure 1. Simulation of treatment beams

After obtaining the optimal treatment plan for each
patient, incident beam parameters were purposely varied
in all fields and for each treatment plan. These
parameters cover the gantry angle, the collimator angle,
and the isocenter position, while keeping the other beam
parameters fixed and respecting tolerances list
established by the American Association of Physicists in
Medicine (AAPM) TG 142 [12].
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Subsequently, the dose distributions and relevant
dosimetric quantities were compared regarding the
variation parameter for each beam. For each patient, 11
treatment plans were constructed in three-dimensional
conformational radiotherapy. The reference plan was the
first one in which the dose was calculated using the
AAA algorithm without introducing any mechanical
error. The plans, from the second to the seventh,
represented comparison plans in which the dose was
successively calculated by introducing one of the
mechanical errors of the gantry, the collimator, and the
isocenter.

For the eighth, ninth and tenth plans, the doses were
successively calculated by introducing the sum of the
errors of gantry + isocenter, gantry + collimator, and
collimator + isocenter. Whereas, the dose for the
eleventh plan was calculated considering the sum of all
errors (gantry + collimator + isocenter).

Table 1 presents all the various changes and
tolerances.

Table 1. Studied plans

Plans

1 Reference plan

2 Plan with a deviation of gantry angle by + 0.5° from
the reference plan

3 Plan with a deviation of collimator angle by +0.5° from
the reference plan

4 Plan with an isocenter move by +1mm (relative to the
QY axis) from reference plan

5 Plan with a deviation of gantry angle by - 0.5° from the
reference plan

6 Plan with a deviation of collimator angle by -0.5° from
the reference plan

7 Plan with an isocenter move by -1mm (relative to the
QY axis) from reference plan

8 Association of the plans2 and 4.

9 Association of the plans 2 and 3.

10 Association of the plans3 and 4.
11 Association of the plans 2, 3, and 4.

The isodose curves computed for the treatment in the
axial and sagittal plans and the DVHs of target and
organs at risk are evaluated for each patient and
configuration. The maximum, minimum, and average
dose to the target and sensitive structures are recorded.
These parameters are used to calculate the homogeneity
(HI) and the conformity (CI) indices of radiation. The
HI and CI are two analysis tools of a treatment plan
using conformal radiotherapy. They are used to estimate
the degree of congruence between tumor contour and
healthy tissue contour isodoses through geometric
intersection methods [16,17]. The quality indices are
defined as follows:

Conformity Indexrroc = VrITV (D)

Where, Vg signifies the reference isodose volume
and TV denotes the target volume. Plans are not
deviating from the RTOG protocol if the conformity
index value is between 1.0 and 2.0. They are with minor
deviations if the conformity index value is between 2.0
and 2.5. However, the plans with a conformity index
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value greater than 2.5 or less than 0.9 are considered as
having major deviations.

Homogeneity Indexrroc= Imax/RI 2)

Where, Imax indicates the maximum isodose in the
target, and RI is the reference isodose. Plans with
homogeneity index less than or equal to 2 do not deviate
from the protocol. Those with homogeneity index value
between 2 and 2.5 are with minor deviations. While
plans with HI value greater than 2.5 are considered with
major deviations.

Another alternative conformity index to the RTOG
conformity index developed by Lomax and Scheib [18]
was also calculated. Lomax and Scheib's modified
index, Cliomax IS calculated as:

ClLoma=TVen/TV (3)

Where, TVpv signifies the target volume covered by
the prescription isodose and TV denotes the target
volume. This index shows the proportion of the target
volume that receives the minimum prescription dose.
This conformity index can range from 0 to an optimum
value of 1 when the target volume receives at least the
prescribed dose in its entirety.

In order to study the effect of the isocenter position,
gantry, and collimator rotations, DVHs were calculated
for the eleventh plans for each patient. Table 2
summarizes the comparison of the maximum, mean, and
minimum doses collected from DVH of the PTV which
are utilized to calculate and compare the RTOG
homogeneity and conformity indices of radiation
(Tables 3-5).

Moreover, the DVHs and maximum doses of spinal
cord and brainstem calculated from the eleventh plan are

compared with the reference plan. Furthermore, the
sagittal and coronal profile doses in the eleventh plans
for each patient are compared and given in Tables 6-8.
The differences are analyzed by Wilcoxon signed rank
test which is the simplest of all the nonparametric
methods [19].

The Wilcoxon sign-rank test is employed in this
study to compare the dosimetric changes on the plans
regarding mechanical errors (plans 2-11) as well as the
reference plan. For each patient, 10 error treatment plans
are compared according to the following parameters.
Table 2 displays the minimum, mean, and maximum
PTV doses. The Wilcoxon test was also applied on
spinal cord and brainstem maximum doses. For each
parameter, the Wilcoxon signed-rank test was used to
determine any statistically significant difference. P-
value less than 0.05 was considered statistically
significant.

The changes in the PTV dose are not significant for
the angulation errors of gantry and collimator. However,
the isocenter error causes a light dose change, compared
to those caused by the other parameters. It is also
noticed that the dose increases when more than one
parameter is modified. Concerning the DVH
representation (Figure 2), it is observed that its shape
remarkably changes, compared to the reference plan
when changing the isocenter alone or simultaneously
with another parameter. However, the statistical analysis
showed no significant impact of isocenter, gantry, and
collimator angle errors on dosimetric plans for a
minimum, mean, and maximum doses of all plans
(P>0.05).

In addition, Tables 3-5 summarize the quality indices
for all patients in all plans (i.e., 1-11). The comparison
between reference plan and other plans showed no
significant impact of mechanical errors on quality plans
for CI, Cliomax, and HI for all patients.

Table 2. Comparative analysis of minimum, mean, and maximum doses for PTV

PLANS 1 2 3 4 5 6 7 8 9 10 11
Hotspot 7587 7598 7598 7588 7596 7596 76.09 759 7596 759  75.89
Mean 55.7 56.71 56.8 5792 56.87 56.74 5519 57.87 57.02 58.05 58.08
Minimum  P-Value - 0484 0889 0.176 0484 0575 0208 0.123 0.889 0.123 0.123
Mean 70.26 7027 70.26 70.29 70.26 7024 70.19 7032 70.26 70.32 70.31
Mean P-Value - 0779 0327 031 0889 0779 0208 0208 0.833 0.093 0.263
Mean 744 7442 7441 7431 7441 7437 745 7435 7441 7433 7435
Maximum  P-Value - 0575 0611 0028 0.779 0.611 0123 0161 0483 0.123 0.161

Table 3. Comparison of the RTOG conformity index for each patient

Planl  Plan2 Plan3 Plan4 Plan5 Plan6 Plan7  Plan8 Plan9 Plan10  Planll
Patient1 1.42 143 143 143 1.43 1.43 1.44 1.42 1.42 1.42 1.4
Patient2 1.31 1.26 1.24 1.22 1.27 1.25 1.31 1.20 1.26 121 1.19
Patient3 2.38 2.34 2.39 231 2.34 2.35 2.52 2.28 2.36 2.33 2.28
Patient4 2.50 2.50 2.50 2.36 2,51 2.49 2.49 243 242 243 242
Patient5 1.89 1.99 1.98 1.97 1.98 1.98 1.98 1.98 1.99 197 1.98
Patient6 1.89 1.83 1901 1.86 1.89 191 1.90 1.84 1.83 1.86 1.85
Patient7 2.39 2.39 2.39 240 2.39 2.39 2.39 2.39 2.39 2.40 2.39
Patient8 1.78 1.78 1.78 1.78 1.78 1.78 1.77 1.78 1.78 1.78 1.78
Patient9 1.79 1.87 1.87 1.88 1.87 1.88 1.8 1.87 1.89 1.86 1.88
Patientl0 2.16 2.13 2.18 211 212 2.14 2.31 2.16 2.16 2.14 2.18
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Table 4. Comparison of the conformity index proposed by Lomax and Scheib (Clomax) for each patient

Planl Plan2 Plan3 Plan4 Plan5 Plan6 Plan7 Plan8 Plan9 Plan10  Planll
Patientt 097 097 096 097 096 096 095 098 096  0.97 0.97
Patient2 099 097 096 099 097 096 094 099 097  0.99 0.99
Patient3 098 098 098 099 098 097 095 099 098  0.99 0.99
Patient4 099 099 099 099 099 099 099 099 099  0.99 0.99
Patients 096 097 097 097 097 097 096 097 097 097 0.97
Patients 1 099 099 099 099 099 099 099 099  0.99 0.99
Patient7 099 099 099 1 1 099 099 1 099 1 1
Patient8 099 099 099 099 099 099 099 099 099  0.99 0.99
Patientt 099 099 099 099 099 099 099 099 099  0.99 0.99
Patientl0 098 098 098 099 098 097 095 099 098  0.99 0.99
Table 5. Comparison of the homogeneity index for each patient
Planl Plan2  Plan3 Plan4 Plan5 Plan6 Plan7 Plan8 Plan9 Plan10  Planll
Patientt 1108 1.103 1107 1103 1106 1107 1106 1106 1106 1105 1.1
Patient2  1.088 108 108 108 108 108 108 108 108  1.08 1.08
Patient3 ~ 1.099 1.097 1.098 1.098 1.098 1.0988 1.097 1.097 1.097 1.098  1.097
Patient4 1117 111 111 111 111 111 111 111 111 11 111
Patients 112 112 112 112 112 112 112 112 112 112 1.12
Patienté 112 112 112 112 112 112 112 112 112 112 1.12
Patient7 143 113 113 113 113 113 113 113 113 113 1.13
Patients8 113 113 113 113 113 113 113 112 113 113 1.12
Patient9  1.115 1114 1117 1115 1115 1117 1114 1115 1115 1114 1115
Patientl0 141 141 111 111 111 111 111 1109 1209 111 1.11
Table 6. Spinal cord comparison of plan reference maximum dose with other plans
PLANS 1 2 3 4 5 6 7 8 9 10 11
Max 46.238 46.185 46219 48.193 46352 46233 45336 48.104 46.195 48184 48.131
Mean 4594 4613 4619 48.03 4619 4616 4476 4785 4630 47.97  47.95
Median  46.24 4628 4637 4819 4637 4627 4509 4814 4633 4819  48.13
SD 1677 1905 1846 2040 189  1.893 1526 2182 1765 2158  2.150
P-Value - 0674 0093 0012 0025 0093 0012 0012 0123 0012 0012
reach 48.19 and 48.13 Gy in the case of the fourth and
g g elever_lth plan, respectively, as _vveII as the plan where
] ] there is the sum of three mechanical errors.
g 3 The result of the Wilcoxon test demonstrates a
> > significant difference between the different study plans,
compared to the reference plan. Table 6 presents the
0 20 40 60 80 0 20 40 60 80 dosimetric and statistical results for the maximum doses
Dose(Gy) Dose(Gy) received by the spinal cord.
According to the Wilcoxon statistical test, no
100 significant statistical difference was observed in terms
% of Dmax calculated at the spinal cord for plans 2, 3, 6 and
E 9. However, Wilcoxon test results obtained from the
o b other plans show a significant difference regarding the
patients' set, P<0.05.The spinal cord DVH of different
plans was compared in order to study the mechanical

0

) ) 0 20 40 60 80
Figure 2. Comparison of the PTV dose-volume histograms for the

eleventh treatment plan of patient 1

Spinal Cord

In this study, the recommended dose constraints for
the spinal cord (i.e., Dmax< 45 Gy and Dmax< 50Gy) are
considered for every case in the reference plans.
Moreover, in the other plans after modifying one or
several parameters, the maximum dose exceeds 46 Gy,
especially in the plans with the 1mm tolerable error of
the isocenter. It is noted that the maximum dose can
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error effects. Figure 3 illustrates the obtained DVH.

Brainstem

The brainstem is responsible for several functions,
including regulating breathing, and heart rate.
Complications related to brainstem irradiation are
classified according to their clinical presentation and
their onset after irradiation. Therefore, acute semi-
delayed and late complications are described and related
to different physio-pathogenic mechanisms [20-24].
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Figure 3. Comparison of the spinal cord dose-volume histograms for the eleventh treatment plans of patient 1
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Table 7. Comparison of brainstem maximal dose

PLANS 1 2 3 4 5

6 7 8 9 10 11

Mean 57.01 5722 5711 5894

P-Value 0.575 1.000 0.012

57.15

0.779

57.08 5561 58.65 57.63 5856  58.66

0.208  0.017 0.012 0.208 0.012  0.012

Table 8. Comparison of brainstem D1-10cc dose

Plans

Patients 1 2 3 4 5 6 7 8 9 10 11
1 50.3 50.2 50.1 50.8 50.1 50.1 49.5 50.6 50.2 50.8 50.8
2 48.1 47.7 47.6 485 47.6 47.6 46.8 48.6 47.7 48,5 48.6
3 53.9 53.8 54.3 57.1 53.8 53.5 45.4 57.1 54.2 57.5 57.5
4 40 40 40 429 40 40 39.9 41.2 41.2 411 41.2
5 50.5 51.5 51.6 53.2 51.3 51.6 50.1 53.2 51.5 53.2 53.2
6 34.6 34.5 34.6 34.7 34.6 345 344 34.7 34.6 34.8 34.8
7 56.5 56.6 56.6 59.1 56.8 56.5 53.6 59.2 56.7 59.1 59.2
8 56.9 56.8 56.8 59.8 56.8 56.7 54.6 59.8 56.8 59.8 59.8
9 50 50 50 52.8 50 50.02 49.79 51.4 51.4 51.4 51.4
10 54.7 54.6 55.6 58.3 54.7 54.5 50.2 58.3 55.2 58.3 58.3
80 80
70 60
[ 60 7(97 40
a a
50 20
40 0 —

0 5 10
Distance(cm)

15

0 5 10
Distance(cm)

15 20

Figure4. Lateral (left) and vertical (right) dose distribution for various plans of patient 1

The maximal dose recommended for brainstem in
conventional fractionation and spreading is 54 Gy [25]
and a small volume (1 to 10 ml) can be irradiated at a
maximal dose of 59 Gy with a conventional
fractionation of 2 Gy [26].

According to the result of the Wilcoxon test, the
difference is not statistically significant for the isocenter
error plans (i.e., Plans 4, 7, 8, 10 and 11, Table 7). For
the other treatment plans, certain types of errors have
the same dosimetry quality with a risk equal to 5%.

Afterward, the volume dose D1-10 cc of the
brainstem was compared regarding the reference plan
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and others to quantify the effect of mechanical errors on
the brainstem. It is noted that D1-10 cc which connotes
smaller volumes of the brainstem (1-10cc) may be
irradiated to a maximum dose of 59 Gy with
conventional dose fraction (2Gy) [27].

Table 8 shows no significant difference between the
reference plan and plans 2, 3, 5, 6, and 9 for all patients.
Nevertheless, there is a significant difference regarding
plans 4, 7,8, 10, and 11 which connotes the isocenter
error. It is clear that the dose may exceed 59.2 Gy in
plan 11 considering the gantry angle, collimator, and the
isocenter errors at the same time. As an example, D1-10
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exceed 59.2 Gy in plan 11 besides 56 Gy in the
reference plan in patient 7.

A comparison was performed between two profiles
taken from a scanned image in a region in which the
dose difference was clear between the reference plan
and the other one. Figure 4 illustrates these curves.

The general appearances of the horizontal profiles
are similar; however, there are slight differences within
the plans (2-11) considering the mechanical errors.

Moreover, the dose profile in the horizontal direction
is identical for all plans (1-11). However, there are
differences between the wvertical profile and the
reference plan in terms of the curves of the plans
regarding the gantry and collimator errors. On the other
hand, considering the isocenter error, a significant
difference is observed between the reference plan curves
and those of the isocenter error (Figure 4).

Discussion

According to the results, the dose deviations of the
PTV are very less sensitive in plans with the angulation
errors of the gantry, collimator, and the isocenter. In
addition, there are remarkable deviations in the
minimum dose of the PTV caused by the isocenter error
(plans 4, 8,9 and 11).

On the other hand, mechanical errors do not cause
any remarkable dose changes in the homogeneity index.
The maximum dose of the spinal cord was compared
with that of the brainstem. These organs are serially
functioning normal structures [28], and the Dmax is the
most important biological response.

The spinal cord will be damaged and lose its
function if one of its sub-volumes is damaged [29, 30]
therefore, in the DVH data used for the spinal cord, the
dose constraints for this organ is Dmax< 45 Gy [31-,32].
When avoiding complications, it is also recommended
to respect a maximum dose of 50 Gy [33].

The results show the absence of a significant clinical
impact on these two OARs between the reference plan
and the plans with errors of collimator and gantry
rotation angle. However, in the majority of patients, the
difference in Dmax is remarkable for the other plans with
an isocenter error.

Nevertheless, it is demonstrated that errors on the
isocenter parameter that exceeds 1 mm can produce
significant maodifications in the dose distribution.
Indeed, there is a clear difference between the DVH and
the dose profiles of the PTV and the spinal cord,
calculated for the reference plan and the one that takes
into account the isocenter error.

It can be concluded that for the classic technique
using the simple 3-field, the threshold errors of 0.5° for
collimator and gantry rotation angle cannot affect the
quality of treatment plans. At variance, the threshold of
1mm for the isocenter parameter can affect the treatment
plan for the patients with head and neck cancer,
especially in the case of dose max of the spinal cord and
brainstem.

Conclusion

Iran J Med Phys, Vol. 16, No. 5, September 2019

The dose distribution was investigated regarding the
isocenter position, the gantry, and collimator angle
errors. These mechanical errors can be associated with
the inaccuracy of mechanical calibrations of the linear
accelerator.  Therefore, dosimetric effects were
compared between the optimal treatment plans and
simulated ones considering three small mechanical
variations. All studied plans showed an insignificant
dosimetric effect on gantry and collimator angle errors
up to 0.5°. However, the isocenter position errors caused
significant dosimetric changes for head and neck plans,
with an overdosing of the spinal cord and brainstem.
Due to the classic technique using the simple 3-field, the
quality of treatment plans was less sensitive to the 0.5°
errors of the gantry and collimator angles, compared to
1 mm errors of the isocenter which will be reduced
leading to the avoidance of any overdose.
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