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ABSTRACT

The dose to critical structures plays a very important role in treatment plan evaluation and forms a major challenging parameter
in radiotherapy treatment planning. In this study, a simple index, Plan Normal tissue complication Index (PNI) has been proposed
for treatment plan evaluation based on the dose to surrounding critical structures. To demonstrate the proposed index, four
different critical treatment sites that include the prostate, upper abdominal cancer, lung, and head and neck were selected for
this study. A software progam (PNlcalc) has been developed to compute the PNI from the exported dose-volume histogram
data and from the tissue tolerance data published by Emami et al. and Kehwar et al. The software also shows the parameters
that exceed the threshold limits of dose-volume parameters presented in the QUANTEC recommendations (2010). In all the
studied cases, PNI gave an overall picture of the dose received by the critical structures and also indicate the fractional volume
exceeding the tolerance limit. The proposed index, PNI gives a quick comparison and selection of treatment plans that result
in reduced dose to the critical structures. It can be used as an additional tool for routine treatment plan evaluation in external

beam radiotherapy.
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Introduction

The main aim of radiotherapy is to maximize the
tumor control probability with less complication to
the surrounding critical structures. A treatment plan
is generated based on this simple rule and several
methods of treatment delivery techniques, including 3D
conformal radiotherapy, intensity modulated radiation
therapy (IMRT), stereotactic radiosurgery/radiotherapy,
image-guided radiotherapy, brachytherapy are currently
available in radiotherapy. Each of the above techniques
has its own advantages and disadvantages in achieving
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the goal. In fractionated radiotherapy, the biological
factors that affect response of normal and tumor tissues
are repair, repopulation, reoxygenation, redistribution,!!
and radiosensitivity (5R’s of radiobiology). In reality, it is
difficult to quantify the individual effect these factors have
on normal tissues and tumor tissues for a routine clinical
case. Based on previous clinical experience, the radiation
oncologists prescribe the dose to the tumor after critical
evaluation of the dose to critical structures. In external
beam radiotherapy, dose-volume histograms (DVII) play a
key role in selecting the optimal plan for treatment delivery
and it is presented in the form of cumulative DVHP and
differential DVH. Indices such as conformality index (CI)
and dose homogeneity index have been proposed to assess
the target coverage and dose uniformity inside the target
volume. In addition to these, slice-based plan evaluation
methods were also proposed for treatment plan evaluation.
BSOSl The dose to critical structures plays a key role in
treatment plan evaluation and presents a major challenging
parameter in radiotherapy treatment planning. The dose
to critical structure is analyzed based on the information
available from the DVH. The concept of minimal (TD,)
and maximal (TD,,) tissue tolerance dose was introduced
by Rubin and Casserett in 1972 and applied to whole or
partial organ volume receiving daily fractionations of 1.8-2
Gy.” The tolerance dose TD, ; represents the radiation dose
that would result in 5% risk of severe complications within
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5 years after irradiation and TD, , represents the dose
that would result in 50% probability of developing severe
complications within 5 years after irradiation. A landmark
publication by Emami et al.l¥ compiled the normal tissue
tolerance doses for various critical structures in terms
of TD,, and TD,, and it is widely used in radiotherapy
treatment planning.®) These normal tissue tolerance
data are defined for uniformly irradiated 1/3, 2/3, and 3/3
partial volumes of the normal tissues and organs and are
applicable for conventional fractionation schedules of 1.8-
2 Gy per fraction, 5 fractions a week. The missing TD.
and TD,; values in the Emami et al. publication were
fitted by Kehwar using an empirical model.”! Even though,
many other researchers have also reported the tolerance
doses for individual organs, but the data are scattered
in the literature and the tolerance doses for same organ
differ among different investigators. Recently, a new sct of
recommendations known as the Quantitative Analysis of
Normal Tissue Effects in the Clinic (QUANTEC) has been
published based on evidence-based guidelines.!"™ The
tolerance data published by Emami et al.l® represents the
DVH in the form of 1/3,2/3 and 3/3 of a critical structure
and it is much simpler to compare two plans. In this study,
a simple index, PNI has been proposed for treatment plan
evaluation, based on the doses to surrounding critical
structures and on correlating these dose values with the
tolerance dose compiled by Emami et al.%” and Kehwar.

Materials and Methods

To demonstrate the proposed index, four different
critical treatment sites that include prostate, upper
abdominal cancer (UAC), lung, and head and neck were
selected for this study. All the patients were planned on
Eclipse™ treatment planning system. In case of prostate,
five different treatment plans: (1) three fields with open
anterior and two lateral wedged fields (3FF), (2) three
fields with open anterior and two lateral wedged fields
(3F-M) fitted with mulitleaf collimator (MLC), (3)
four field box technique fitted with MLC (4F-M), (4)
six fields fitted with MLC (6F-M), and (5) seven field
intensity modulated radiotherapy technique (IMRT)
were generated in the treatment planning system. For
plan comparison, the dose prescription was kept as
74 Gy uniformly in all the treatment plans. The DVH
for the bladder, rectum, right femur, and left femur
were exported to a software (PNlcalc) developed in
Visual Basic.net 2008 (Microsoft Corporation™) that
computes PNI. Figure 1 shows the screen shot of PNIcalc
comparing the DVH of two rival plans. The software
has the provision for importing the DVH data from the
treatment planning system and the user can select the
critical structures to be included for PNI computation.
In addition to this, the PNlcalc can also compute the
ratio of near-maximum to near-minimum doses (D2/
D98) to the target volume, volume of planning target
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volume (PTV) receiving greater than 107% (D > 107%)
and less than 95% (D < 95%) of the prescribed dose.!”’)
The conformality index (CI) for the treatment plan
in this study was computed from the ratio of the total
volume enclosed by prescription dose to the volume
within the target irradiated to at least the prescription
dose." The software also computes the CI defined by
the Radiotherapy Oncology Group (RTOG).I"! The
PNIcalc also compares the plan based on the recent
OUANTEC recommendations and highlights the dose
volume parameters that exceeds the limits presented in
the QUANTEC guidelines for a given structure.!'"!

The plan normal tissue complication index is derived
from the knowledge of the tolerance doses for different

critical structures and the dose received by 1/3%, 2/3, and
3/3 of the critical structure.

PNI = f (n, j/3, TD)
where

n = critical structures
j/3; wherej = 1,2,3

TD = tolerance dose and it can be either TD,,or TD

)
n | j=1 TD5/5 f/;,‘

PNI(n,j/3,TDs5) =Y,

i=1 n

50/5°

The PNIcalc computes the PNI for the plan based on the
tolerance data given in Table 1 adopted from Emami et al.
and Kehwar. 57

In case of upper abdominal cancer, two plans were
generated (1) a simple three fields with anterior open and
twolateral 45° wedged fields 3F-MLC) fitted with multileaf
collimator (ML.C) and (2) a seven-field IMRT plan with
6 MV beams. The prescription dose to the PTV was kept
as 45 Gy in 25 fractions for comparing the 3F-MLC and
IMRT plans. The DVI data of the right kidney, left kidney,
liver, and spinal cord were exported to the PNIcalc program.
The spinal cord is a serial structure and the concept of 1/3%,
2/3 and 3/3 does not apply and morcover the DVH does
not contain the information about the length of the spinal
cord. Hence, for computing PNI, the tolerance dose TD.
was kept as 47 Gy uniformly for 1/3, 2/3, and 3/3 and the
software reads the maximum dose received by spinal cord
from the exported DVH data.

The third case was a lung cancer, planned for 3D

conformal radiotherapy (3D-CRT) and IMRT. The
3D-CRT was planned by three fields that include an
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anterior open and two wedged lateral MLC fields. The
IMRT planning was performed with five 6 MV fields. A
dose of 60 Gy in 30 fractions was prescribed in both of
the treatment plans. In this case, the right lung, left lung,
liver, and spinal cord were the critical structures included
for PNI computation.

The head and neck was a case of cancer of vallecula
(T3NOMO) for which a 3D-CRT and an IMRT plan was
generated. The 3D-CRT plan included 50 Gy prophylactic
planned by parallel opposed fields with spine sparing after
40 Gy and posterior bilateral neck on ecither side were
boosted with 9 MeV electron fields to reduce the dose to
the spinal cord. The lower neck was planned with 50 Gy
anterior fields with mid-line shielding. The prophylactic
irradiation was followed by a 20 Gy boost to the gross
tumor volume. The IMRT plan includes a uniform seven
fields planned with 6 MV beams. In this case, right and left
parotid and spinal cord were the critical structures included
for PNI calculation as both the right and left parotid were
closer to the PTV.

Results

Figure 1 compares the DVH generated for the IMRT
and six-field 3D-CRT prostate plans. It clearly illustrates
the dose received by 1/3", 2/3" and 3/3 volume of bladder,
rectum, right femur, and left femur and its corresponding
computed PNIL It also shows the tolerance doses for the
user selected critical structures and the PNI for the whole
plan. In addition to PNI computation, it also shows a
comparison of dosimetric parameters, such as D2/D9§, D
> 107%, D < 95%, and CI. The Figure also shows that
the percentage of rectum volume receiving V65, V70,
and V75 exceeds the threshold limit recommended by
OQUANTEC for six-field 3D-CRT plan. Table 2 shows
the PNI computed for the prostate case. The PNI for 3F,

mplication Index (PNI)

3F-M, 4F-M, 6F-M, and 7F-IMRT were 1.54, 1.30, 1.27,
0.96, and 0.73, respectively. Using Eq. (1), PNI can also be
computed for individual structures as shown in Table 2 and
these values illustrate the ratio of actual dose received by a
partial/whole volume to the tolerance dose. These Figures
indicate that IMRT considerably reduces the doses to the
overall combined critical structures as compared to other
techniques and 3F-O results in more doses to the critical
structures. The rectal and femoral doses are significantly
affected with the number and orientation of treatment
fields. The CI for 3F-O, 3F-M, 4F-M, 6F and 7F-IMRT
were 1.90, 1.29, 1.34, 1.27, and 1.09, respectively. Figure 2
shows the prescription isodose colorwash for the 3-F MLC
plan and IMRT for UAC and Figure 3 compares the DVH
of PTV, CTV, rt. kidney, It. kidney, liver, and spinal cord
for 3-I' MLC and IMRT plans. The CI computed for
the 3F-MLC and IMRT were 1.6 and 1.16, respectively.
Table 3 compares the PNI for 3-F MLC plan and IMRT.
The computed PNI for 3F-MLC and IMRT were 1.26 and
1.05 indicating that IMRT relatively reduces the overall
dose to critical structures. Figure 4 shows the comparison
of 3D-CRT and IMRT plan for lung cancer. Table 4 shows
the comparison of PNI with 3D-CRT and IMRT for lung
cancer. In this particular case, the PNI for 3D-CRT plan
is almost equivalent to the IMRT plan. The decrease in
the dose to right lung and liver with IMRT is offsetted
by dose to the contralateral lung and spinal cord. But at
the same time, the IMRT plan demonstrates a good CI
(1.16) as compared to 1.45 for 3D-CRT. Table 5 shows
the comparison of PNI with 3D-CRT and IMRT for head
and neck cancer. The PNI for 3D-CRT and IMRT were
3.27 and 1.77, respectively. In the case of 3D-CRT, both
the parotids have exceeded the tolerance doses due to the
arrangement of parallel opposed fields to a dose of 50 Gy
and hence the PNI for parotids are high as compared to
IMRT plan.
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Figure 1: Software module for comparing two rival plans based on PNI
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Table 1: Tolerance dose TD_,,/5 and TDSO/5 for various critical structures
Organ D, . (Gy) D,, . (Gy) End point

1/3 2/3 3/3 1/3 2/3 3/3
Brachial plexus 62 61 60 77 76 75 Clinically apparent nerve damage
Brain 60 50 45 75 65 60 Necrosis, infarction
Brain stem 60 53 50 75 68.7 65 Necrosis, infarction
Bladder 93.93 80 65 106.4 85 80 Symptomatic bladder contracture and loss
Cauda equina 60 60 60 75.01 75.01 75 Clinically apparent nerve damage
Colon 55 48.61 45 65 58.61 55 Obstruction/perforation/ulceration
Ear (Mid/Ext) 30 30 30 40 40 40 Acute serious otitis
Ear (Mid/Ext) 55 55 55 65 65 65 Chronic serious otitis
Esophagus 60 58 55 72 70 68 Clinical stricture/perforation
Eye lens 10 10 10 18 18 18 Cataract requiring intervention
Femoral head and neck 52 52 52 65 65 65 Necrosis
Heart 60 45 40 70 55 50 Pericarditis
Kidney 50 30 23 57.88 40 28 Clinical nephritis
Larynx 79 70 70 90 80 80 Cartilage necrosis
Larynx 45 45 45 80 80 80 Laryngeal edema
Liver 50 35 30 55 45 40 Liver failure
Lung 45 30 17.5 65 40 24.5 Pneumonitis
Optic chiasm 50 50 50 65 65 65 Blindness
Optic nerve 50 50 50 65 65 65 Blindness
Parotid 32 32 32 46 46 46 Xerostomia
Retina 45 45 45 65 65 65 Blindness
Rectum 61.38 60.50 60 81.38 80.5 80 Proctitis/necrosis/stenosis /fistula
Rib cage 50 50 50 65 65 65 Pathologic fracture
Small intestine 50 43.71 40 60 56.71 55 Obstruction/perforation
Stomach 60 55 50 70 67 65 Ulceration/perforation
Temporomandibular 65 60 60 77 72 72 Marked limitation of the joint function
joint and mandible
Thyroid 45 45 45 79.91 79.91 80 Clinical thyroiditis
Spinal cord 5cm 10cm 20cm 5cm 10cm 20cm Myelitis, necrosis

50 50 47 70 70 68.29
TD,,, and TD,, , values are from Emami et a/.’] and the bold italic Figures are from Kehwar et al.l"

Table 2: Comparison of PNI with different treatment planning techniques for prostate cancer

Critical structures PNI (n, j/3,TD, ) 3F 3F-M 4F-M 6F-M IMRT
Overall PNI (4,//3,TD, ) 1.54 1.3 1.27 0.96 0.73
Rectum PNI (Rectum, 1/3, TDS/S) 1.17 0.71 0.85 0.95 0.69
PNI (Rectum, 2/3,TD, ) 0.47 0.44 0.68 0.48 0.37
PNI (Rectum, 3/3, TD, ) 0.07 0.07 0.07 0.04 0.07
Bladder PNI (Bladder, 1/3,TD, ) 0.41 0.28 0.28 0.14 0.1
PNI (Bladder, 2/3, TD, ) 0.04 0.03 0.03 0.02 0.04
PNI (Bladder, 3/3, TD ) 0.01 0.01 0.01 0.01 0.02
Rt. femur PNI (Rt. femur, 1/3, TD, ) 1.03 0.98 0.84 0.59 0.50
PNI (Rt. femur, 2/3, TD, ) 0.92 0.75 0.65 0.46 0.29
PNI (Rt. femur, 3/3, TD, ;) 0.05 0.04 0.03 0.02 0.02
Lt. femur PNI (Lt. femur, 1/3,TD, ) 1.03 0.99 0.85 0.59 0.50
PNI (Lt. femur, 2/3, TD, ) 0.92 0.85 0.76 0.53 0.30
PNI (Lt. femur, 3/3, TD, ) 0.05 0.04 0.03 0.03 0.02
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3-F MLC (Wedge)

Figure 2: Comparison of prescription isodose color wash for 3-F MLC plan
(3D-CRT) and IMRT for UAC
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Figure 3: Comparison of dose-volume histograms for 3-F MLC and IMRT
treatment plans

Figure 4: Comparison of 3-F MLC plan and IMRT for lung cancer

Discussion

The PNI is a function of critical structures and 1/3%, 2/3,
3/3 fraction of the critical structure and which can also be
used for evaluating the treatment plans for a given fraction
of the structure volume. The 1/3", 2/3 and 3/3 of the DVH
curve represent the overall DVH for the critical structure
and by incorporating these parameters for computing the
PNI gives an overall trend of the DVH. The tolerance doses
compiled by Emami et al.'® are used in many clinics for
assessing the normal tissue complications and form the
basis of the decision-making process conducted by the
radiation oncologist. The proposed index is applicable to
treatment plans with conventional fractionation schedule
of 1.8-2 Gy per fraction. The tissue tolerance data are stored
in the software and it has the flexibility for the user to add

Table 3: Comparison of PNI with 3D-CRT and
IMRT for upper abdominal malignancy

Critical PNI(n, j/3, 1D, ) 3F-MLC IMRT
structures
Overall PNI (4,//3,TD, ) 1.26 1.05
Rt. kidney PNI (Rt. kidney, 1/3,TD, ;) 0.67 0.53
PNI (Rt. kidney, 2/3, TD, ;) 0.66 0.42
PNI (Rt. kidney, 3/3, TD, ;) 0.43 0.25
Lt. kidney PNI (Lt. kidney, 1/3,TD, ;) 0.61 0.48
PNI (Lt. kidney, 2/3, TD, ;) 0.41 0.49
PNI (Lt. kidney, 3/3, TD, ;) 0.23 0.20
Liver PNI (Liver, 1/3, D, ) 0.88 0.80
PNI (Liver, 2/3,TD, ) 0.30 0.23
PNI (Liver, 3/3,TD, ) 0.05 0.05
Spinal cord ~ PNI (Cord, j/3, TD 0.80 0.77

5/5)

Table 4: Comparison of PNI with 3D-CRT and
IMRT for a lung cancer

Critical PNI (n, j/3,TD, ) 3D-CRT IMRT
structures
Overall PNI (4,//3,TDy ) 0.40 0.41
Rt. lung PNI (Rt. lung, 1/3, D, ) 0.20 0.16
PNI (Rt. lung, 2/3,TD, ) 0.04 0.04
PNI (Rt. lung, 3/3,TD, ) 0.02 0.01
Lt. lung PNI (Lt. lung, 1/3,TD; ) 0.05 0.09
PNI (Lt. lung, 2/3, TD, ) 0.03 0.03
PNI (Lt. lung, 3/3,TD, ) 0.02 0.01
Liver PNI (Liver, 1/3, TD5/5) 0.54 0.43
PNI (Liver, 2/3,TD, ) 0.18 0.21
PNI (Liver, 3/3,TD, ) 0.01 0.01
Spinal cord PNI (Sp. Cord, 1/3,TD, ) 0.53 0.65

Table 5: Comparison of PNI with 3D-CRT and
IMRT for a head and neck cancer

Critical PNI (n, j/3, 1D, ) 3D-CRT IMRT

structures

Overall PNI (4,//3,TD, ) 3.27 1.77

Rt. parotid PNI (Rt. parotid, 1/3, TD, ) 1.80 0.96
PNI (Rt. parotid, 2/3, TD, ;) 1.72 0.75
PNI (Rt. parotid, 3/3, TD, ;) 1.26 0.56

Lt. parotid PNI (Lt. parotid, 1/3, TD, ) 1.76 0.98
PNI (Lt. parotid, 2/3, TD5/5) 1.59 0.71
PNI (Lt. parotid, 3/3, TD, ;) 0.75 0.51

Spinal cord  PNI (Sp. cord, j/3, TD, ) 0.94 0.85

any new tolerance data to the existing tissue tolerance
table. The PNI should be as low as possible for a given plan
and if it reaches 3 then all/most of the critical structures
have exceeded the tolerance dose. It is clearly evident from
Table 5 that the PNI with 3D-CRT has exceeded 3, thus
indicating that both of the parotids are receiving higher
than the acceptable tolerance doses predicting possible
xerostomia. If the PNI for a partial/whole organ of an
individual structure exceeds 1, then the plan has resulted in
a dose higher than the tolerance dose. The treatment plan,
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3F-O in Table 2 shows that rectum and right and left femur
have exceeded the tolerance dose. Similarly in Table 5, with
3D-CRT both of the parotids have exceeded their tolerance
dose. Except for the lung cancer treatment plan, all other
plans showed that IMRT considerably reduced the overall
dose to surrounding critical structures. In the case of lung
cancer, five beams were employed resulting in a good CI
as compared to 3D-CRT with three fields. Moreover the
orientation of the treatment fields with 3D-CRT resulted
in less dose to the spinal cord. In all the test cases, IMRT
resulted in a very good Cl. The PNI defined in Eq. 1
incorporates the minimal tolerance dose (TD,) and can
also be used for computing PNI for maximal tolerance dose
(TD;) by substituting TD, . with TD, . Even though the
tolerance data published by Emami et al.l®¥ are applicable
to a uniform dose distribution, they are frequently used in
radiotherapy in most situations for assessing the normal
tissue complications, and morcover the proposed PNI
is essentially used for comparing treatment plans. The
comparison of the overall PNI can be used for comparing
rival plans, and their subsets can be used for analyzing
the plan sclected for treatment. The proposed index, PNI
provides a quick comparison of the treatment plans for the
radiation oncologist and also for the physicist to assess their
treatment plans. The comparison of treatment plans based
on QUANTEC recommendations helps in identifying
those structures that exceed the threshold limit as set by

the QUANTEC guidelines.
Conclusions

The proposed index, PNI, gives a quick comparison of the
plan that results in reduced dose to the critical structures
and totally relies on the tolerance doses to the critical
structures. It can be used as an additional tool for routine
treatment plan evaluation.
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