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Abstract

Objective: The present study aims to evaluate the accelerated intensity modulated radiotherapy (IMRT) of head
and neck (HandN) treatments using physical indices and radiobiological models with its clinical correlation using
histogram analysis in radiation therapy (HART). The radiobiological evaluation in terms of tumor control probability
(TCP) and normal tissue complication probability (NTCP) indices were compared with acute toxicity. Materials and
Methods: A total of twenty patients with stage III and IV of HandN cases treated with accelerated IMRT using 6MV
photons were chosen for the study. Using HART software, physical indices of the IMRT plans have been defined by
universal plan indices (UPI’s) which summarize the various recognized plan indices. The overall quality factor (QF)
of a plan was determined by a linear combination of all indices in UPI set. The clinical outcomes in terms of the acute
toxicity like dysphagia and xerostomia were compared with NTCP values of the OAR calculated from HART software.
Results: The mean QF and the mean Poisson TCP index was found to be 0.993+0.02 and 0.86 +0.02 respectively. The
mean JT Lyman NTCP index for bilateral parotid, constrictors, and larynx were found to be 0.23+0.14, 0.30+0.17 and
0.22+0.15 respectively. The acute toxicities in terms of severity of xerostomia and dysphagia have shown a moderate
correlation with NTCP values of bilateral parotids, constrictors, and larynx, respectively. Conclusion: The mean
QF based on UPI was found to be close to unity, which correlates with being a better IMRT plan. The present study
suggested the existence of a moderate correlation between the calculated NTCP values and their respective severities
of the organ at risk (OAR’s). Accelerated IMRT with chemotherapy is a clinically feasible option in the treatment
of locally advanced head and neck squamous cell carcinoma (HNSCC) with encouraging initial tumor response and
acceptable acute toxicities.
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normal structures surrounding the target (Kataria et al.,
2012).

Intensity modulated radiotherapy (IMRT) is one of
the modalities in which we can achieve the escalation of

Introduction

The main objective of the radiotherapy delivery is
to give the maximum dose to the tumor cells and the

minimum possible dose to the organ at risk (OAR). It
is possible to achieve this, only when the separation
between tumor control probability (TCP) and normal
tissue complication probability (NTCP) plot is wide
enough. However, this reduces at higher prescription doses
of the tumor (Baumann et al., 2005). The advancement
in imaging and modern, sophisticated techniques have
increased the complexity of treatment planning while
achieving the above objectives. It leads to results in
maximum dose to the tumor and dose reduction to the

the target doses as well as the reduction of normal tissue
complications. The dose distributions of IMRT plans are
much Heterogeneous when compared to 3D conformal
radiation therapy (3DCRT), which leads to a challenging
process, in particular, to head and neck (HandN) cancer
treatment. The main complication associated with IMRT
of head and neck cases were dysphagia and xerostomia.
Irradiation of swallowing structures like larynx and
pharyngeal constrictors are the main reason behind
dysphagia and xerostomia being noticed when the bilateral
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parotid gland is getting irradiated (Narayanasamy et al.,
2015).

The dose evaluation of these kinds of IMRT plans
can be visualized in the form of dose-volume histograms
(DVHs). DVH is the relationship between the dose
distribution of a specific organ and 100% normalized
volume of such organs, and it is generated based on 3D
reconstructed images in the treatment planning systems
(Cadman et al., 2002). Unfortunately, the DVH contains
a large volume of data, lines, and curves which tends to
complicate the problem rather than making it simple for
analysis. Hence, there is a need to find a simple tool to
analyze the IMRT plan outcome.

The accuracy of these IMRT plans were assessed
using the universal plan indices (UPI’s), which takes into
account the dose homogeneity, conformality, and sparing
of normal tissues. As of now, there is no single parameter
to assess this, and the search is still ongoing. Hence, a more
practical approach of analyzing radiotherapy plans is to
utilize the UPI set and the overall quality factor (QF) of
the treatment as discussed in the literature (Pyakuryal et
al., 2010). The biological models such as tumor control
probability (TCP) based on the Poisson statistics model
and normal tissue complication probability (NTCP) based
on the Lyman-Kutcher-Burman model, were efficient to
estimate the radiobiological outcomes of the treatments
by taking into account of the dose-volume effects in the
organs. The present study aims to evaluate UPL, QF, and
radiobiological outcome of IMRT for locally advanced
head and neck squamous cell carcinomas using HART
(Histogram Analysis in Radiation Therapy, https://hart.
research.uic.edu/). HART is an open-source tool based on
MATLAB (Version 7.8.0. Mathworks Inc., Natick, MA)
program. It is an automated computational environment
that was developed for the precise computation of dose-
volume statistics for radiation therapy research. The
screenshot of the graphical user interface (GUI) of the
HART software is shown in Figure 1.

Materials and Methods

A total of 20 patients of stage III and IV cases of
head and neck squamous cell carcinoma (HNSCC)
treated with accelerated IMRT technique with concurrent
chemotherapy were enrolled for this study. This study has
been approved from the institutional review board, and
written informed consent was obtained from each patient
before enrolling in this study. Delineation of the tumor
and normal tissues were done using danish head and
neck cancer group (DAHANCA) contouring guidelines.
The radiotherapy was delivered to a dose of 70Gy in 35
fractions to the primary and involved lymph nodes, 63Gy
to intermediate-risk areas and 56Gy to lower risk areas,
Monday to Saturday, six days per week with an expected
overall treatment time of six weeks.

The accelerated simultaneous integrated boost (SIB)
IMRT plans were optimized using Eclipse treatment
planning systems (TPS) (Version 8.1, Varian Medical
Systems, USA), and treated by Clinac DHX- linear
accelerator using 6 MV photons (Varian Medical
Systems, USA). A radiotherapy treatment plan needs
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to be optimized to achieve the goal of cancer treatment.
The technique of evaluating the UPI’s and QF of the
radiotherapy treatment plans are the most practical
approach in making critical decisions in the treatments.
The Cumulative DVH data from Eclipse TPS has been
acquired, and parameters derived from it were used
as input in HART software. HART computation was
performed on a laptop personal computer with a processor
speed of 2.10 GHz, 4.00 GB of RAM, and Intel Core2
Duo (6th generation) CPU using MATLAB (version 7.8).
It uses the advanced graphical features and simulation
systems available in MATLAB. The MATLAB provides
aflexible platform to set up a computational and graphical
environment for other secondary software like HART.
Though HART offers much functionality by processing
radiation therapy oncology group (RTOG) and digital
imaging and communications in medicine — Radiation
Therapy (DICOM-RT) data file formats in the radiation
therapy treatments, in the present study we have used only
radiobiological-modeling for the outcome analysis (ROA)
and UPI evaluation modules.

The TCP and NTCPs were calculated from the dose-
volume histogram (DVH) statistics using the Poisson
statistics and JT Lyman models respectively, and the
results were correlated with clinical outcomes in terms
of acute toxicities of the patients with a mean follow-up
period of 3 months. Statistical analysis was performed by
using the paired, two-tailed student t-test, and P<0.01 was
kept as a threshold for the significance level.

(i) Evaluation of the UPIs

In order to maintain the precision and quality of IMRT
plans for HandN patients, it is mandatory to do contouring
of Planning Target Volumes (PTV) and other vital organ
volumes, patient immobilization, and treatment delivery
utilizing an optimal treatment plan. As mentioned earlier, a
single tool or parameter to quantify the quality of an IMRT
plan has been ongoing but, as of now, unsuccessful. In this
perspective, a simpler method of Treatment Plan Indices
(TPI) evaluation technique of radiotherapy treatment has
been incorporated into HART. The evaluation of the IMRT
plans has been defined by UPI’s, which summarize the
various recognized plan indices.

The overall QF of a plan can also be determined by a
linear combination of all plan indices in the UPI set. These
indices can be assessed by utilizing the DVH statistics
extracted from the HART. The QF can be efficiently
computed for a plan by assigning the relative weights to
all UPI plan indices as a complete plan evaluation strategy.
Plan indices in UPI set’s are systematically described as
below:

a) Target Coverage Index (TCI)

The TCI accounts for the exact coverage of PTV in
a treatment plan at a given prescription dose which can
be expressed as:

Where PTVPD is the PTV covered by a prescribed
dose (PD) (Pyakuryal et al., 2010).



b) Critical Organ Scoring Index (COSI)
The COSI is a measure of both target coverage and
critical organ overdose. It can be expressed as:

N
- = 1.

TCI

COsI =

Where v (o.m),m is the fractional volume of ith organ
at risk (OAR) receiving more than tolerance dose (TOL),
and the relative weight (wi) of a fractional volume of
each organ is 1/N. Where N is the no. of organs (Menhel
et al., 20006).

¢) Radiation Conformity Index (RCI)

The RCI gives a consistent method for quantifying
the degree of conformity based on isodose surfaces and
volumes which can be expressed as:

Rl = 1 Ven .
PTVossep

Where PTV0.95PD is the PTV volume covered by

95% of the prescribed dose (Knoos et al., 1998).

d) Prescription Isodose Target Volume conformal index
(PITV)

The PITV assesses the conformity of a treatment plan
and can be expressed as:

PIV
PTV

PITV =

Where PIV is the prescription isodose volume
coverage for the target and normal tissues. PITV > 1 and
PITV <1 refers to the over treatment and under treatment
regions, respec-tively (Leung at al., 1999).

e) Dose Homogeneity Index (HI) and Modified HI Index
(MHI)

HI scales the “hot” spots in and around the planning
target volumes (Akpati et al., 2008). It can also be
expressed as:

HI - D s
PD

and modified dose homogeneity index (MHI) is
defined as:

Dgs
Ds

MHI

Where D, is the maximum dose point in PTV.
Similarly, D95 and D5 are the doses to 95% and 5%
volume of the PTV, respectively (Yoon et al., 2007).

f) Conformality Index (CI) and Conformation Number
(CN)

CI measures the conformity of a treatment plan. CN
accounts for the relative measurement of dosimetric target
coverage and sparing of normal tissues in a treatment plan.
(Leung et al., 2007)

oN= 2 nder = L
TR TR
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Where the treatment volume ratio (TR) is defined as:

PIV
FTV pn

g) Target Volume Ratio (TVR)

The TVR is an objective measure of how well the
prescription isodose line conforms to the size and shape
of the planning target volume (Paddick et al., 2000).

It is simply the inverse of ratio for PITV.

PTV
PIV

h) Dose Gradient Index (DGI)

It examines the steepness or shallowness of dose fall-off
in the target volume (Pyakuryal et al., 2010).

It can be expressed as:

PTV ysuen

TR

TVR =

DGL =

Where PTV0.50PD is the planning target volume
coverage at 50% of PD.

i) New Conformity Index (NCI)

NCTI and HI allow for the quick and simple comparison
of different radio-surgical treatment plans designed
within the same or diverse radiosurgical systems, such
as between LINAC and Gamma Knife. This can be used
for IMRT evaluation also (Collins et al., 2006). NCI can
be expressed as:

PIV=PTV
PTVip

Thus, Universal Plan Indices (UPI) set can be

expressed as,

UPI = { X}

NCI

Where, Xi = (TCI, COSI, RCI, PITV, HI, MHI, CN,
TVR, DGI, NCI), for a number of N major plan indices
(N =10). The number (N) can be arbitrarily selected from
the UPI set for treatment plan evaluation in HART.

j) The quality factor (QF) of a treatment plan can be
analytically expressed in terms of combination of the
above set of UPI indices as given below:

N

QF = [Q.TISexp [- Wi Xi]

1=

Where the values of weight factor (Wi) can be adjusted
between zero to unity for all relatively weighted indices
{Xi} for a user-defined number of indices (N) in the
UPI set. The analytical expression in the argument of
the above exponential function is also termed as the UPI
function. Thus, the fundamental application of QF and
UPI evaluations is to compare the conformity of plans
among various trials for a treatment. Typically, QF equals
to unity for an ideal plan, whereas the deviation from
unity refers to underdose or overdose treatments in the
corresponding plan.
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ii) Biological modeling-based outcome analysis: TCP
and NTCP calculation

The outcome analysis of HandN IMRT treatments
were employed using TCP and NTCP biological modeling
at the HART analysis software, which offers a convenient
feature for plan-specific outcome analysis (POA) of the
radiotherapy treatments. The TCP model was based on
the Poisson statistics model (Warkentin et al., 2004) and
NTCP was evaluated using the sigmoidal dose response
(SDR) model based on equivalent uniform dose (EUD)
techniques proposed by JT Lyman (Kutcher et al., 1989).

For heterogencous irradiation of tissues, the overall
TCP is defined as the product of the probability of killing
all clonogens in each differential volume element (Vi) of
a tumor target irradiated with a dose (Di) in the Poisson
statistics model. Furthermore, the overall TCP takes into
account of the cell survival fractions assuming the single
hit mechanism of the cell damage. It can be expressed as:

Eviexp
TCP—IL T
2

2y50 (1-Dy/TCD50)
In2

Where the parameters TCD50 and y50 are the dose
and normalized slope at 50% probability of tumor control
in the target. HART utilizes the above expression in order
to predict the dose response probability of the tumor.

The NTCP indices for normal tissues irradiated
during the radiotherapy treatment based on the sigmoid
dose—response and the equivalent uniform dose concept
is expressed as:

NTCP = 6 [EU‘D—TDSO]
m TD50

The EUD or the generalized mean dose (GMD)
represents the dose that, if delivered uniformly to the
normal tissues or the entire critical structure, would
produce the same effect as the heterogencous dose
distribution as specified by the DVH. The parameter
m controls the slope of the dose-response curve, and

TDS50 determines the position of a dose response curve
at 50% chance of complication in the critical structure.

Furthermore, GMD can be expressed as:

n
1/n
GMD =[2ViDi ]

1

Where n determines the dose-volume dependence of
a tissue which is deterministic for differ-ences in tissue
architecture. The above expressions were implemented
into HART to predict the NTCPs for the neighbouring
structures of the target in a specific treatment plan
(Kutcher et al.,1989). The clinical outcome of the
treatment and the toxicity of the OAR like dysphagia
and xerostomia were compared with these NTCP values
calculated from HART software.

Results

The plan indices and QFs were analyzed for the
IMRT treatment of 20 H and N patients using HART
software with inputs from DVH parameters calculated
using Eclipse TPS were tabulated in Table 2 , and the
mean values of UPIs and QFs plans were determined

Table 1. Patient’s Demographics

Characteristics Number (Percentage)
Total No. of Patients 20 (100)
Sex

Male 17 (85)

Female 3(15)
Age in years

41-50 5(25)

51-60 8 (40)

61-70 7 (35)
Primary Site

Hypopharynx 14 (70)

Oropharynx 6 (30)
TNM Stage

Stage 111 3(15)

Stage IV A 14 (70)

Stage IV B 3(15)

) WELCOME TO HART : A RADIOTHERAPY RESEARCH TOOL (2008-2013)

=13

HISTOGRAM ANALYSIS IN RADIATION THERAPY

SELECT FEATURES

\ '\;‘i’i'i'lr-

WAL
7

RADIOTHERAPY PLAN EVALUATION
DIMENSIONAL HISTOGRAM ANALYSIS
RADIOBIOLOGICAL MODELING

DIGITAL IMAGE PROCESSING
PHYSICAL PARAMETERIZATION

Figure 1. Screen Shot of the GUI of HART Software
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Table 3. Comparison of Poisson TCP index and JT Lyman NTCP Index for 20 IMRT-SIB H and N Patients

Patient no. 1 2 3 4 5 6 7 8 9 0 1 12 13 15 16 17 18 19 20 MEAN STD.DEV
Poisson TCPIndex 0.88 09 087 086 085 087 08 087 084 085 087 085 085 089 087 087 084 086 08 084 086 0.02
JT Lyman NTCP Index

Parotids 045 008 0.8 012 045 008 045 035 012 022 03 012 011 0I5 028 008 042 029 01 015 023 0.14

Constrictors 052 045 051 02 046 042 04 01 024 011 06 014 02 018 05 011 02 032 012 015 03 0.17

Larynx 052 055 015 018 03 028 022 011 008 01 01 022 01 012 045 008 019 033 008 026 022 0.15
EELEERE2EESE
Table 2. Comparison of Universal Plan Indices (UPI’s) and Quality Factor (QF) for 20 IMRT-SIB H and N Patients. m @ W M m W M m,, .m m .F m
UPI Patient number . m .m m .Mmb.nlw m m m m ms.v n.w, m
I 2 3 4 s 6 7 8 9 10 1112 13 14 15 16 17 18 19 20 SE5=4 m g m,ﬁ 5 o2 8
COSI 1 098 099 099 1 099 1 099 098 099 099 099 098 099 098 098 099 099 099 098 mm = W wm 58 ¢4 mm @ 2
RCI 096 098 094 093 092 094 094 092 096 091 096 097 096 092 096 096 096 097 096 097 3 o= & & = m 23 5 m 4= m
PITV 094 097 101 093 093 101 092 094 099 099 095 101 098 1.09 098 104 1.08 097 1.03 097 .mb m m = m mba M m & S m g5
HL 107 108 109 108 LIl 106 109 108 108 L1 109 LI LI 107 109 109 109 107 108 112 ‘& 2 £ > £ P ,m m £ M@
CN 094 097 08 093 09 08 091 08 092 078 095 092 093 078 093 086 085 097 089 096 = m fm m W g m 4 Wm Mm %
TVR 107 103 099 107 108 099 109 106 101 10l 105 099 1.02 092 102 096 093 103 097 1.03 m 2 E g m:m HAW £ m ”m F 9
DG 094 097 093 093 092 093 091 09 096 08 095 096 096 092 096 095 096 097 096 0.97 m S m Eox = % ot m m 5 M
NCI 107 103 117 107 LIl LI7 L1 116 109 127 105 109 107 129 107 116 117 103 112 105 2 m - M ﬂ = § Maym =2 < B
TCI 094 097 093 093 092 093 091 09 096 088 095 096 096 092 096 095 096 097 096 097 = w = 2 W m e m m 2 %
MHI 095 095 094 095 092 095 093 094 094 091 093 094 094 094 095 093 094 096 095 093 m m 2222¢e?% mﬁm s g m,
QF 10l 1 098 1.02 101l 098 102 1.0l 099 098 10l 099 1 095 1 097 096 101 098 1 m m m M m Hm m m m m.mbm 5

En o :

% ER35E%<z3zic

software with an input of DVH parameters is tabulated in

50 Gy. The NTCP values of these OARs were used to

50,5=

Table 3. The mean Poisson TCP index was found to be 0.86
+0.02 and the mean JT Lyman NTCP index for bilateral
parotid, constrictors, larynx were found to be 0.23+0.14,

correlate acute toxicity levels, which led to complications.

The Poisson TCP index and the JT Lyman NTCP
indices for all 20 patients are estimated from HART
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Figure 2. Comparison of Mean UPI Indices for 20 IMRT-SIB H and N Patients
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Figure 3. Comparison of Overall QF for 20 IMRT-SIB H and N Patients

0.30+0.17 and 0.22+0.15. The correlation between these
results and its clinical findings in terms of acute toxicities
is described as below.

The overall clinical response was assessed among
the group of 20 patients and found that 16 patients (80%)
were complete response category and four patients (20%)
were in partial response after the post-treatment mean
follow up of 3 months. The severity of xerostomia and
the corresponding NTCP values of the bilateral parotids
is shown in Figure 4. The correlation between them was
found to be positive with a coefficient of 0.55, and it was
statistically significant at P < 0.01. Figure 5 is shown the

severity of dysphagia with NTCP values of constrictors
and it shows a moderate correlation with the coefficient of
0.59, and it was statistically significant at P<0.01. Similar
way, the severity of dysphagia with NTCP of Larynx is
shown in Figure VI. It was noticed that there is a moderate
correlation between the severity with respective NTCP
indices with the coefficient of 0.37, and it was statistically
significant at P < 0.01.

Discussion

In HART, the UPI set has been defined by summarizing

3
E.
g
= y=2.7754x+ 0.8755
i R*=0.55
é 2 * e r “" * *
€
=
=
)
A

1 44— -

0.00 0.20 0.40 0.60

JT LymanNTCP Index (Parotids)

Figure 4. Correlation between the NTCP Indices of the Bilateral Parotids and Its Clinical Findings in Terms of Severity

of Xerostomia for 20 IMRT-SIB H and N Patients
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Figure 5. Correlation between the NTCP Indices of the Constrictors and Its Clinical Findings in Terms of Severity of

Dyspegia for 20 IMRT-SIB H and N Patients
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Figure 6. Correlation between the NTCP Indices of the Larynx and Its Clinical Findings in Terms of Severity of

Dyspegia for 20 IMRT-SIB H and N Patients

various recognized plan indices for plan evaluation of
IMRT treatments and an overall QF of a plan were also
determined by combining the relative assessments of all
plan indices using DVH data in the UPI set (Pyakuryal
et al., 2010). The ideal UPI scores for all plan indices
should be unity, and the typical value of QF equals unity
represents an ideal plan. The deviation from unity refers
to underdose or overdose treatments in the corresponding
plan. Our present study result shows that the mean QF of
all 20 patients has been calculated as 0.993+0.02, which
is close to unity.

Recent gains in the management of HandN cancer
have been achieved due to concurrent chemo-radiotherapy
with altered fractionated IMRT technique (Fang et al.,
2008). In a dual institutional study, results of 33 patients
with oropharyngeal primaries in the head and neck region
indicated a strong correlation between the severities
of xerostomia and dysphagia with NTCP of bilateral
parotids and oesophagus respectively, but not with the
larynx (Narayanasamy et al.,2015). Peponi et al., (2011)
have evaluated the objective and subjective long-term
swallowing function, and to relate the radiation dose
delivered to critical structures of a total 82 patients with
stage III/IV of the carcinoma of larynx, oropharynx,
or hypopharynx with SIB-IMRT either alone or in
combination with chemotherapy. In their results with
32 months mean post treatment follow-up, grade 3 /4

objective toxicity was assessed in 10%. Beetz et al.,
(2012) have investigated the significance of the radiation
dose in salivary glands in a multicenter study and their
results with 6 months follow-up data showed that, the
mean parotid dose was one of the important predictors
of moderate to severe xerostomia. Chao et al., (2001)
observed a correlation between parotid mean dose and the
fractional reduction of stimulated saliva output at 6 months
after the completion of radiation therapy and concluded
that sparing of the parotid glands translates into objective
and subjective improvement of both xerostomia and QOL
scores in patients with head-and-neck cancers receiving
radiation therapy.

Dirix et al., (2009) have evaluated the dysphagia
after chemo radiotherapy for locally advanced HNSCC
and examined its correlation with clinical and dosimetric
parameters. In which they have found that, increased dose
to a large volume of swallowing structures is reported to
result in higher levels of dysphagia. Caglar et al., (2008)
evaluated early swallowing after IMRT with or without
chemotherapy and attempted to determine the clinical
and/or dosimetric factors correlating with swallowing
toxicity. They did not find any correlation with the superior
constrictors dose and early dysphagia.

In the present study which includes of oropharynx
and hypopharynx with accelerated IMRT treatment with
concurrent chemotherapy, the severity of xerostomia and
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dysphagia has a moderate correlation with NTCP values
of bilateral parotids, constrictors and larynx respectively.

In conclusion, we have analysed twenty patients of
HandN cancer patients who underwent accelerated SIB-
IMRT with concurrent chemotherapy using physical and
radiobiological indices in comparison with their clinical
outcomes in terms of acute toxicities. The physical
assessment using mean quality factors based on UPI
were found to be close to unity which correlates to be
a better IMRT plan. The respective correlation between
the toxicities of the OAR and their NTCP values depends
not only on the IMRT plan dose-volume parameters but
also on the available follow up data. The present study
suggested an existence of the moderate correlation
between the calculated NTCP values and their respective
sevirities of the OAR’s. The accelerated IMRT with
concurrent chemotherapy is a clinically feasible option
in the treatment of locally advanced HNSCC with
encouraging initial tumor response and acceptable acute
toxicities.
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