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ORIGINAL ARTICLE

Inhomogeneous dose escalation increases expected local control for
NSCLC patients with lymph node involvement without increased
mean lung dose
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Abstract

Background. Higher doses to NSCLC tumours are required to increase the low control rates obtained with conventional
dose prescriptions. This study presents the concept of inhomogeneous dose distributions as a general way to increase local
control probability, not only for isolated lung tumours but also for patients with involved lymph nodes. Material and methods.
Highly modulated IMRT plans with homogeneous dose distributions with a prescribed dose of 66Gy/33F were created for
20 NSCLC patients, staged T1b-T4 NO-N3, using standard PTV dose coverage of 95-107%. For each patient, an inho-
mogeneous dose distribution was created with dose constraints of: PTV-coverage =95%, same mean lung dose as obtained
in the homogeneous dose plan, maximum doses of 45 and 66 Gy to spinal canal and oesophagus, respectively, and
V74Gy<1 cm? for each of: aorta, trachea + bronchi, the connective tissue in mediastinum, and the thorax wall. The
dose was escalated using a TCP model implemented into the planning system. The difference in TCP values between the
homogeneous and inhomogeneous plans were evaluated using two different TCP models. Results. Dose escalation was pos-
sible for all patients. TCP values based on assumed homogeneous distribution of clonogenic cells either in the GTV, CTV
or PTV showed absolute TCP increases of approximately 15, 10 and 5 percentage points, respectively. This increase in
local control was obtained without increasing the mean lung dose. However, small increases in maximum doses to the
mediastinum were observed: 2.5 Gy for aorta, 4.4 Gy for the connective tissue, 1.6 Gy for the heart, and 2.6 Gy for
trachea + bronchi. Conclusion. Increased target doses and TCP values using inhomogeneous dose distributions could be
achieved for all patients, regardless of lymph node involvement, tumour stage, location, and size. These new treatment plans
have the potential to increase the local tumour control by 10-15 percentage points without compromising the clinically
acceptable lung toxicity level.

Survival rates for non-small cell lung cancer NSCLC)
patients treated with standard radiotherapy in 30-33
fractions are very poor. Local failure often occurs in
the primary tumour suggesting higher doses than the
standard 60-70 Gy are required in order to obtain a
better local tumour control [1,2].

Planning studies have shown that it is possible to
escalate the dose in order to increase the tumour
dose while maintaining an acceptable toxicity level
for the organs at risk [3-5]. Clinical studies report
an increase in overall survival for increasing radiation
doses [6,7]. In accordance with the International
Commission on Radiation Units and Measurements

(ICRU) Report 50 [8], the dose to the planning
target volume (PTV) should be kept within 95-107%
of the prescribed dose. However, when the upper
dose limit of 107% is disregarded, a reduction in
treatment volume combined with a dose escalation
can be used to increase target dose with no increase
in mean lung dose (MLD), i.e. no increased risk of
pneumonitis [9-11]. This method results in more
inhomogeneous dose distributions although, in the
above studies, plans were created from dose scaling
of the underlying 95-107% homogeneous plan.
These promising results have paved the way for
investigating whether truly inhomogeneous dose
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distributions created directly during plan optimi-
sation could lead to even larger target doses and/
or sparing of the healthy tissue. Schwarz et al. [12]
has used inhomogeneous dose distributions as
a way to perform dose escalation. An inhomoge-
neous dose distribution based only on the mean
dose to the planning volume was created if stan-
dard dose escalation was not feasible, which was
the case for five of their intensity-modulated
radiation therapy (IMRT) patients. Their patients
were selected based on a tumour location in
the superior half of the lung and the dose calcula-
tions were evaluated without accounting for geo-
metrical uncertainties, such as setup errors and
respiration.

In this current study inhomogeneous dose dis-
tributions are presented as a method to increase the
expected tumour control probability (T'CP) for all
NSCLC patients regardless of tumour location.
Geometrical uncertainties arising from setup errors
and respiration are included in patient specific PTV
margins.

Material and methods

This study is based on 20 NSCLC patients and the
patient characteristics are listed in Table I. Treatment
planning was based on the mid ventilation phase of
a four-dimensional computed tomography (4D-CT)
scan with slice thickness of 2.5 mm [13]. The gross
tumour volume (GTV) was delineated based on
the planning-CT and fluorodeoxyglucose positron

emission tomography (FDG-PET) scans, and con-
sists of both the primary tumour and involved lymph
nodes (16 patients).The clinical target volume (CTV)
was made as an expansion of the GTV by 10 mm in
mediastinum and 5 mm in lung tissue excluding
bony structures and major vessels in accordance with
recommendations provided by the Danish Oncology
Lung cancer Group (DOLG). The PTV was created
as a patient specific expansion of the CTV with a
range of 7-9 mm. This margin was based on an
assumption of daily online imaging evaluated on soft
tissue [14].

Two IMRT treatment plans were created for each
patient with 33 fractions: 1) a standard homogeneous
dose distribution; and 2) an inhomogeneous dose
distribution. The treatment plans were created within
Pinnacle (Philips Healthcare, research version 8.1)
for an Elekta Synergy accelerator (MLCi2 leaf bank,
2 X 40 leaves) using 6 MV. The dose calculation was
performed using the Collapsed Cone (CC) algorithm
with density correction and evaluated on a 2 mm
dose grid. The plans were evaluated by a radiation
oncologist in accordance with the standard clinical
procedure.

Homogeneous dose distribution

Five to seven co-planar treatment fields were
unevenly distributed for each patient such that
unnecessary irradiation of the contra lateral lung
and heart could be avoided. The dose criteria were:
PTV coverage of 95-107% of the prescribed 66 Gy,

Table 1. Patient characteristics and planning results for the lungs.

Study Tumour  Clinical T N Amplitude GTV Lung Mean lung
id Age [y] location stage Stage [mm] [cm?] V20Gy [%]  dose [Gy]
1 62 RLL T2B N3 IIIB 11 23.9 31.4 16.5
2 65 LUL T2A NO 1B 7 3.2 12.4 7.0
3 64 RUL T3 N2 II1A 0 46.0 33.3 20.1
4 78 RLL T2B N2 IITIA 7 78.6 35.9 21.1
5 59 LUL T2A NO 1B 0 31.2 24.0 14.6
6 73 RUL T2B N2 II1A 1 60.0 25.3 15.1
7 64 LUL T1B N2 IITIA 5 9.9 22.3 12.9
8 85 RUL T2B N2 II1A 0 67.0 23.2 14.6
9 65 LUL T4 N2 I11B 1 66.4 19.6 12.3
10 61 LLL T4 N2 IIIB 6 46.7 20.1 13.2
11 67 LUL T4 NO II1A 1 399.2 25.0 16.8
12 66 LUL T4 N2 II1A 5 35.9 24.3 14.5
13 73 RUL T4 NO IITIA 4 8.6 20.5 11.5
14 69 LUL T4 N3 I11B 1 180.6 32.9 20.4
15 59 LUL T4 N2 I11B 0 105.6 27.4 16.2
16 77 RUL T2B N2 IITIA 4 80.9 34.7 19.9
17 82 RLL T3 N2 II1A 2 33.6 34.3 19.9
18 76 RLL T3 N3 I11B 5 68.9 34.9 20.7
19 75 RUL T4 N2 IIIB 0 53.4 26.2 14.8
20 63 RLL T2B N3 I11B 12 66.6 37.1 22.4

Tumour locations are: left upper lobe (LUL), left lower lobe (LLL), right upper lobe (RUL) and right
lower lobe (RLL). The amplitude motion is the peak-to-peak motion in the cranio-caudal direction.
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maximum dose of 45 Gy and 66 Gy for spinal canal
and oesophagus, respectively, andV20Gy for the lungs
excluding GTV less than 40%. The optimisation
was steered towards as low a value for V20Gy as
possible, i.e. an initial value less than 40% was
not accepted but was decreased even further when-
ever possible. The heart was not considered a dose-
limiting organ [15].

Inhomogeneous dose distribution

For each patient, the same beam and collimator
angles as for the homogeneous treatment plans were
used. The dose constraints were: PTV coverage of
=95% of the prescribed dose, same MLD as in the
homogeneous plan, and maximum dose of 45 Gy
and 66 Gy to the spinal canal and oesophagus,
respectively, and a maximum dose constraint of
v, 4Gy < 1 cm? for each of the following delineations:
aorta, trachea + bronchi, heart, connective tissue in
mediastinum, and thorax wall. The connective tissue
in mediastinum is defined as tissue in the mediasti-
num which is not included as aorta, trachea, bronchi,
heart or oesophagus.

For each patient, a “boost” optimisation region
was constructed by expanding the GTV with the
same expansion size as used to create the standard
PTV from the CTV. The dose to this region was
enhanced as much as possible in order to increase
the dose to the central part of the tumour. This was
accomplished by explicitly maximising the TCP to
this region during optimisation using a TCP model
that was implemented into the IMRT optimisation
algorithm (Equation 2). While the dose to the boost
optimisation region was increased, the standard PTV
was covered with a minimum dose of 95% of the
prescribed dose in order to ensure sufficient dose
coverage. There were no limitations on the maximum
dose to parts of the PTV that were outside the boost
volume, i.e. only the surrounding normal tissues lim-
ited the dose to the PTV.

TCP models

Two different TCP models were used to evaluate the
treatment plans:

The first model is based on the TCP model from
Martel et al. [16],

1

TCP(D)= ———
1+(D,,/D)"

ey

where D, ,=84.5 Gy and y= 1.5, giving local pro-
gression-free survival at 30 months. This model was
used to evaluate TCP values for all different dose
voxels (D,). The combined TCP value was obtained
by multiplication of these values

TCP, = [[TCP(D)" 2)

where V. is the relative volume related to dose voxel
D,. Since only the relative volumes are included in
TCP,;, the model is independent of the absolute
tumour volume.

The second model is a volume-dependent TCP
model based on the linear-quadratic equation which
as function of the single-hit factor (o) is defined as

TCP(0) = Hexp[—Nlexp(—och _* D} ):|; 3)

where N, is the number of clonogenic cells in the
dose bin ¢ related to the dose D, o/ =10 Gy, and
K =33 fractions [17]. The distribution of the clo-
nogenic cells is assumed to be homogeneous thus
N; is proportional to V. The total number of clo-
nogenic cells is defined by a cell density p times the
patient specific volume of the GTV. In order to
include o heterogeneity in the patient population,
Equation 3 is averaged over a distribution of o val-
ues [17]:

j:exp( _(Z(; &)2 )TCP(a)da

2
= [(—(a—o)
-[o exp[ 207 do

where o and 6, describes the average and standard
deviation of the Gaussian-like distribution of o val-
ues. The values of p=10°> cm ™3 and 6,=0.05 Gy ™!
were obtained from Webb [18] as best fit to clinical
squamous cell carcinoma data of the upper respira-
tory and digestive tracts. The value of o was adjusted
relative to the value quoted by Webb in order to
produce clinically relevant TCP values for the
patients in the current study. The value of .= 0.155
Gy~ ! was chosen such that the TCP value for a uni-
form irradiated volume of 56.7 cm® (median GTV
volume in this study) corresponded to the TCP value
predicted by the Martel equation (Equation 2).

The TCP value depends on the dose distribution
and the distribution of clonogenic cells, which is
assumed uniform in this study. However, it might be
an overestimate of the TCP value to assume that all
the clonogenic cells are located within the GTV.
Therefore, a TCP calculation based on the same
number of clonogenic cells but distributed uniformly
within the CTV has also been performed in order to
produce more conservative estimates of the TCP
value. Similarly, TCP calculations were performed
for the PTV with the same number of clonogenic
cells in order to verify that the treatment plans with
inhomogeneous dose distributions does not diminish
the expected outcome compared to standard homo-
geneous dose distributions.

TCP,, =

C))
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Results

A typical DVH is shown in Figure 1. It is seen that
not all parts of the tumour were escalated to the
same dose level. It is also seen that the maximum
lung dose was increased for the inhomogeneous plan
but that this was compensated by less volume irra-
diated to lower doses (inhomogeneous lung curve
is slightly below that for the homogeneous plan in
the dose interval 5-50 Gy). Additional data is
available in the online Supplementary Figures 1 and
2 at http://informahealthcare.com/doi/abs/10.3109/
0284186X.2013.790560, where DVHs for all pati-
ents are displayed.

Tumour

Results from DVH evaluations and TCP calculations
are listed in Table II. For the inhomogeneous plans,
minimum, mean, and maximum doses were larger
compared to the homogeneous plans. The doses in
the homogeneous plans were a priori situated within
95-107% of the prescribed dose of 66 Gy. Hence,
for the homogeneous plans there were no major dose
differences between the patients.

The variation of the TCP,; was less than the
variation of the TCPLQ due to the lack of dependence
of the absolute tumour volume in the Martel model.
The absolute TCP values were almost constant in the
homogeneous plans for the calculations based on the
GTV, CTV, and PTV, which reflects the homoge-
neous dose distribution in these volumes. For the
inhomogeneous plans, a variation in the calculated
TCP values was seen. The cause of this was the, on
average, larger dose escalation in the central parts of
the tumour.

The increase in TCP values going from homoge-
neous to inhomogeneous plans for each patient is
displayed in Figure 2 for both TCP models. The
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Figure 1. DVH for the homogeneous (black) and inhomogeneous
(grey) dose distributions. Dashed lines: GTV, solid lines: CTV,
dotted lines: PTV and dash-dotted lines: Lungs.

Table II. Planning results for the homogeneous and inhomogeneous
plans.

Units Homogeneous Inhomogeneous
GTV
Dygo, [Gy] 64.80.9 68.4+2.9
mean [Gy] 67.1+0.8 75.7*£3.9
D,,, [Gy] 69.2+1.3 81.8*+6.7
TCP,, [%] 19.9=*1.1 33.3%£6.0
TCP, 4 [%] 21.4*8.3 34.1*+11.0
CTV
Dygo, [Gy] 64.6 0.9 66.3 2.1
D, can [Gy] 67.0+0.7 73.4*2.0
D,,, [Gy] 69.5+1.2 81.2*6.3
TCP,, [%] 19.9*+1.1 29.4*29
TCP, 4 [%] 21.2*8.1 30.0*+9.7
PTV
Dygo, [Gy] 63.4+0.5 64.4+1.0
D, [Gy] 66.6 0.5 71.0*+1.2
D,,, [Gyl] 69.6 0.9 80.0*£5.5
TCPy, [%] 19.2*+0.7 25.6*+1.7
TCPL, [%] 20.1*+7.8 25.8+9.4

Values are listed as average and standard deviations of the patient
population.

patients are ordered by study id which is sorted
according to the gain in TCP,, calculations for the
PTV. Although differences exist between the TCP
values calculated by the two models, the overall trend
is similar, with approximately absolute TCP increases
of 15, 10 and 5 percentage points for the GTV, CTV,
and PTV calculations, respectively.

Normal tissue

The objective for the MLD was to maintain the same
level in the inhomogeneous plan as obtained with the
homogeneous plan and it was achieved within 0.03
Gy for each patient. The dose to the organs at risk
in the mediastinum region are visualised in Figure 3,
where the maximum dose (D,_,3) in the homoge-
neous plan versus the inhomogeneous plan is plotted
for all patients. On average, there was an increase in
the maximum dose of 2.5 Gy for aorta, 4.4 Gy
for the connective tissue, 1.6 Gy for the heart, and
2.6 Gy for trachea+ bronchi.

The change in mean heart dose was less than *1
Gy when changing from the homogeneous to the
inhomogeneous plan, except for one patient, who
had a decrease of 3 Gy.

Discussion

For all patients absolute TCP increased by use of
inhomogeneous plans. There is no indication of
tumours located in the upper part of the lung are
better candidates for dose escalation than tumours
located in the lower part of the lung. Most of the
patients had lymph node involvement and for some
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Figure 2. Histograms displays the difference in TCP for the inhomogeneous plan compared to the homogeneous plan for each patient.
The left column shows the TCPM gain using the Martel model (Eq. 2), and in the right column is shown the TCPLQ gain calculated
using the LQ model (Eq. 4). The three rows represent calculations for clonogenic cells assumed to be homogeneous distributed over

either PTV, CTV, or GTV.

of these it was possible to obtain even higher TCP
gain than the patients which did not have involved
lymph nodes. The two TCP models are somewhat
different in nature (e.g. dependence of absolute
tumour volume) and the values of the calculated TCP
are therefore different. Nevertheless, the gain in TCP
was quite similar indicating that changes in TCP are
more robust than actual TCP values. The TCP gain
was smallest for the PTV calculations and largest for
the GTV calculations which simply reflect that the
dose distribution was peaked in the centre of the
tumour. Hence, the TCP gain in using inhomoge-
neous plans is obviously largest if the main portion of
the clonogenic cells is situated centrally in the tumour.
But even for the extreme case in which all the clono-
genic cells are homogeneous distributed over the
entire PTV, use of inhomogeneous plans results in an
increase in TCP value. The distribution of the clono-
genic cells within the PTV is not intuitive since the
PTV is a volume used for geometrical uncertainties

and not subclinical disease. Calculations related to a
distribution of clonogenic cells within the PTV are
only performed in order to measure the increase in
TCP if the clonogenic cells are irradiated with a dose
distribution represented by the one calculated for the
PTV. This compensates for the effect that the dose
distribution calculated for the CTV might not be
indicative for the true dose distribution received by
the clonogenic cells due to inter- and intra-fractional
uncertainties. The clonogenic cells could theoretically
be placed entirely on the surface of the CTV. If that
is the case, the calculated increases in TCP by use of
inhomogeneous plans would be less since the average
increase in dose is higher for the entire CTV than for
the rim of the CTV. The effect of such a strange dis-
tribution is to some degree reduced by applying the
dose distribution related to the entire PTV and not
just the dose distribution of the CTV.

Due to dose constraints in mediastinum the
achievable dose level for the involved lymph node in
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the inhomogeneous plan depended on the node loca-
tion. Dose escalation for patients with lymph node
involvement based on homogeneous dose distribu-
tions would therefore be limited to a dose level of
approximately 66-74 Gy, also for the part of the
tumour located in the lung tissue. The idea of homo-
geneous dose distributions is based on the fact that
for a homogeneous distribution of clonogenic cells
and a given energy available for deposition, the high-
est TCP value is obtained for a homogeneous dose
distribution [17]. However, this result does not include
normal tissue constraints, which for homogeneous
dose distributions limits the dose to the entire tumour.
In such a case, a homogeneous dose distribution will
not produce the highest achievable TCP value.

The MLD is often used as a surrogate for lung
toxicity [9], so equal lung toxicity is expected for the
homogeneous and inhomogeneous plans in this
study. It might be tempting to treat all patients to a
tolerance limit of MLD instead of a patient specific
limit, which in the current study was the limit achiev-
able for the standard homogeneous plans. This would
increase the MLD for the majority of patients which
in the current clinical practice has a MLD below
such a tolerance limit. Lung toxicity is therefore
expected to increase as part of such a dose escalation.
The approach in this study demonstrates that dose
escalation is possible without increasing MLD.

In the inhomogeneous plans it is needed to limit
the dose to mediastinum in order to avoid hot-spots.
Only few studies have focused on dose constraints on
connective tissue and limited evidence for tolerance
doses exists. Meijer et al. and van Elmpt et al. [19,20]
used a tolerance dose of 76 Gy. In the current study
this level was decreased to 74 Gy to ensure clinical
applicability of the inhomogeneous plans. The main
cost for the dose escalation in the current study was
an increased maximum dose of approximately 4 Gy
to the connective tissue in mediastinum.

This study shows that even for a homogeneous
distribution of clonogenic cells it is beneficial to
increase the dose to sub-volumes of the tumour. It is
of course beneficial to have information of the actual
distribution of the clonogenic cells, which to some
extent is feasible by FDG-PET scans. There are
therefore studies which boost PET active tumour
volumes. However, even if the PET information is
not truly indicative of the actual distribution of clo-
nogenic cells, the current study shows that an increase
in TCP is likely to occur anyway, due to the fact that
more dose is deposited in the tumour.

For all 20 patients, both the homogeneous
and inhomogeneous dose distributions have been
re-calculated in 4D accounting for respiratory motion
and simulated systematic and random uncertainties.
Detailed discussion of the 4D study is outside the



Inhomogeneous dose escalation increases expected local control 125

scope of this paper, but the results support a 10 per-
centage points TCP increase between homogeneous
and inhomogeneous plans (data will be published
in a future paper).

Conclusions

An inhomogeneous plan with higher mean tumour
dose and predicted TCP than conventional homo-
geneous plans can be created for all NSCLC patients
in this study, regardless of lymph node involvement,
tumour stage, location, and size. With inhomoge-
neous dose distributions it is possible to increase
the dose to the tumour without compromising the
clinical toxicity levels. The conservative dose con-
straints used for the organs at risk ensures clinical
applicable treatment plans that can be implemented
today. Results from TCP estimates suggests a TCP
gain in the range of 10-15 percentage points com-
pared to standard homogeneous dose distributions
without changing the expected lung toxicity.
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