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NTCP modelling of lung toxicity after SBRT comparing the
universal survival curve and the linear quadratic model for
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Abstract

Background. In SBRT of lung tumours no established relationship between dose-volume parameters and the incidence of
lung toxicity is found. The aim of this study is to compare the LQ model and the universal survival curve (USC) to
calculate biologically equivalent doses in SBRT to see if this will improve knowledge on this relationship. Material and
methods. Toxicity data on radiation pneumonitis grade 2 or more (RP2+) from 57 patients were used, 10.5% were diagnosed
with RP2+. The lung DVHs were corrected for fractionation (ILQ and USC) and analysed with the Lyman-
Kutcher-Burman (ILKB) model. In the LQ-correction o/} = 3 Gy was used and the USC parameters used were: o/B=3
Gy, D, = 1.0 Gy, n = 10, oo = 0.206 Gy ! and d-=5.8 Gy. In order to understand the relative contribution of different
dose levels to the calculated N'TCP the concept of fractional NTCP was used. This might give an insight to the questions
of whether “high doses to small volumes” or “low doses to large volumes™ are most important for lung toxicity. Results and
Discussion. NTCP analysis with the LKB-model using parameters m = 0.4, D, = 30 Gy resulted for the volume depend-
ence parameter (n) with LQ correction n = 0.87 and with USC correction n = 0.71. Using parameters m = 0.3, D, = 20
Gy n =0.93 with LQ correction and n = 0.83 with USC correction. In SBRT of lung tumours, NTCP modelling of lung
toxicity comparing models (LQ,USC) for fractionation correction, shows that low dose contribute less and high dose more
to the NTCP when using the USC-model. Comparing NTCP modelling of SBRT data and data from breast cancer, lung
cancer and whole lung irradiation implies that the response of the lung is treatment specific. More data are however needed
in order to have a more reliable modelling.

Today more cancer patients will survive due to
improved therapy regimens. In patients undergoing
radiotherapy (RT) for tumours located in and nearby
the thorax, irradiation of the healthy lung is unavoid-
able and subsequent radiation-induced pulmonary
complications can be a serious problem, sometimes
lethal, in patients with already reduced pulmonary
capacity. The most frequent side effect, radiation
pneumonitis (RP), characterised by dry cough, dys-
pnoea and fever, frequently occurs in patients treated
for lung cancer (LLC) and to a less extent in patients
treated for breast cancer (BC).

With stereotactic body radiotherapy (SBRT) very
high focal doses are applied to small volumes of lung
tissue [1,2] making it possible to more than double
the biological dose to the tumour with acceptable
side-effects [3]. In SBRT of peripheral lung tumours,
several studies indicates that the incidence of clinical
radiation pneumonitis (RP2+) is low (0-15%) [4].
Volume of the CTV seems to the most important
prognostic factor for development of RP. Further-
more, there also appears to be a weak correlation
between prescribed dose and RP for relatively small
CTVs [5]. This is to some extent contradictory to
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clinical findings from conventional RT where an
association between dose-volume parameters and RP
has been demonstrated [6]. The aim of this study is
to compare different models (linear quadratic and
the universal survival curve) to calculate biologically
equivalent doses in SBRT to see if this will improve
knowledge of how and if radiation induced lung
reactions in SBRT are dependent on the irradiated
volume, fractionation schedule and total dose. This
will allow comparison of biological effects of treat-
ments by stereotactic large dose per fraction sched-
ules and allow tailoring treatment for each individual
in daily routine practice keeping the incidence of
pulmonary side-effects as low as possible.

In order to compare dose-volume parameters
for different fractionation schedules and treatment
modalities, doses must be converted to biologically
equivalent doses for a standardised fractionation
pattern, usually 2 Gy/fraction. The linear quadratic
(LQ) model is the accepted model for convention-
ally fractionated radiotherapy (CFRT), but for
extreme hypo-fractionation as used in SBRT it has
been debated whether the LQ model is valid for
fractionation correction [7-11]. A hybridised
model, the universal survival curve (USC), com-
bining the LQ model in the low dose range and the
Single Hit Multi-Target model (SHMT) in the
high dose range proposed by Park et al. [12] is one
way to enhance the fit of the curve in a larger span
in dose. In SBRT of lung-targets the typical situa-
tion is a large range of dose to the lungs. Today
there is no decisive support from clinical data that
promotes one over the other of the LQ and USC
models for calculation of biologically equivalent
doses for lung toxicity after SBRT.

Normal tissue complication probability (NTCP)
modelling of toxicity may give an insight of the vol-
ume dependence for the radiation response mecha-
nism. Commonly used NTCP models are based on
three parameters describing the dose-response curve;
a volume dependence parameter and two parameters
describing the steepness and the dose where the
probability of the selected response is 50%. As NTCP
is dependent on the model used for fractionation
correction of the dose-volume histogram we will study
the impact on using the USC as well as the LQ.

Comparison between lung toxicity and dose-
volume data from hypo-fractionation in SBRT and
CFRT may give an insight of the radiation response
when different parts of the lungs are irradiated,
with a range of dose levels and lung volumes. In
the supplement, toxicity and dose-volume data
from the literature have been compiled and com-
pared. The supplementary information is to be
found online, at http//www.informahealthcare.com/
(doi/abs/10.3109/0284186X.2010.543695).

Material and methods

In this modelling study, based on data for RP2+ from
a phase II trial of SBRT for stage I NSCLC, the frac-
tionation correction was done both with the LQ and
the USC models. NTCP modelling of lung toxicity
after SBRT was performed with the Lyman-Kutcher-
Burman (ILKB) model. The purpose was to investigate
the impact of the two models (LQ and USC) to cal-
culate biologically equivalent doses on the volume
dependence parameter of the LKB model.

Theory — survival curves and calculation of biological
equivalent doses

The LQ model approximate clonogenic survival data
with a linear quadratic formula where the survival S
after n, fractions with a dose of d; Gy per fraction is
given by

_ 2y\ "1
Sip = (& /) o)

From Equation 1 it follows that n, fractions given
with d;, Gy per fraction is converted to a second
fractionation scheme with n, fractions given with d,
Gy per fraction by

nm,d,= md, (1+ %)/(1*' %) 2

For the SHMT model, the survival S after n,
fractions with a dose of d, Gy per fraction is given by:

Sonir = [1 _(1_e<-dz/Do>)”Jm ©

where D, and 7 describe respectively the slope and
the extrapolation number respectively of the linear
part in a plot of the logarithm of survival versus dose
which the SHMT model approaches at high doses
given by

Siinstmr =

( e(—dz/Do+1n<ﬁ>>)"2 )

In the USC model as suggested by Park et al.
[12], the LQ model smoothly transitions into the
linear part of the SHMT model (inSHMT) at the
transition dose d.. given by

2D, In(n)
dr = 1-aD, ®)

We will use the lower case nomenclature on d. as
suggested by Borst et al. [13] as the transition dose
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refers to the dose-per-fraction. From Equations 1 and
4 it follows that a total dose (n,d,) given in d, Gy per
fraction where d, is greater than d. is converted to a
total dose D;, = n,d, given in d; Gy per fraction
where d, is less than d by

_ 1 d,n, — n,DIn(n)
Dy = aDO( 1+d/(@p) ) ©

Equation 6 may thus be used to convert hypof-
ractionation schemes, with a dose per fraction larger
than d, to a fractionation scheme with a dose per
fraction smaller than d .

At d. the survival given by the LQ and linSHMT
models are exactly the same:

In(S)= —(adT+ a/aﬁdi): —Didﬁ @ ()

For given values of D , 7 and /B, o is obtained
from Equations 5 and 7 by

1/2

1, 2n(m) (1+21n(n)] 1 ®

D, af D, 4f | D

The parameters D, 7 of the USC model were
determined from constraints applied on d| and o.
The parameter space of D and # that fulfilled the
constraints (Equations 5 and 8) were calculated for
an o/ value of 3 Gy (Figure 1).

Regarding constraints on o values, some data for
different cell lines, mainly tumour cells, are given in
the literature. For NSCLC Metha et al. [14] and
Park et al. [12] reported an o value of 0.35 Gy .
Lung tissue is proposed to have an o value of 0.19

3.5
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Figure 1. Parameter space of D and 7 for o and d. restricted to
values given in the figure. The star (*) represent parameters (D=1
Gy and 7=10) chosen for further modelling. The four points a-d
represents different parameter sets of D, and 72 used for a sensitivity
test of o and d.

Gy, as obtained from in vitro data from rats [15].
In the determination of the USC model parameters
D, 7 two different ranges of o values were evaluated:
0.10-0.40 Gy~ ! and 0.12-0.30 Gy~ L.

Regarding the transition dose d.. Park et al. deter-
mined it to be 6.2 Gy for the NSCLC lines evaluated
[12]. Borst et al. found the best NTCP fit for RP at
d = 5 Gy from a clinical material of patients treated
with SBRT [13]. In lack of more detailed knowledge,
two different ranges of d . values were evaluated:
3-10 Gy and 4-8 Gy. From the parameter space
depicted in Figure 1, D, was chosen to be 1.0 Gy
and 7 to be 10 (marked by *). Given these values and
o/p equal to 3 Gy, Equations 8 and 5 will give respec-
tively o = 0.206 Gy ! and d = 5.8 Gy. The four
points a-d in Figure 1 represents different parameter
sets of D and 7 used as a sensitivity test of the o and
d values.

Survival curves calculated for the SHMT model
(o/p = 3 Gy, D, = 1.0 Gy, # =10 and o = 0.206
Gy~ !) and the LQ model for o/ = 3, are shown in
Figure 2. The transition dose d. = 5.8 Gy is marked
in the graph.

SBRT chinical data

A multi institutional phase II trial on medically inop-
erable patients with stage I NSCLC treated with
SBRT was conducted from 2003 to 2005. Fifty-
seven patients were included who were considered
inoperable mainly due to chronic obstructive pulmo-
nary disease or cardiovascular disease. The mean age
of the patients was 74.3 year (range 63—82 years). The
patients were treated with SBRT with 15 Gy x 3
prescribed to the 67% isodose at the periphery of the
PTV, resulting in a central dose of about 22 Gy x 3.
The incidence of RP2+ after a median follow-up of

Dose (Gy)
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Figure 2. Calculated survival curves for the LQ model with o/
B=3, and o equal to 0.206 (black line), and for the SHMT model
(grey line). The grey dashed line (EXP) shows the extrapolation
of the linear portion of the SHMT target curve. The smooth
transition from the LQ- to the linear portion of the SHMT
model is at the dose d.=5.8 Gy (indicated by the circle). The
dose of 2 Gy, to which all DVH data were converted, is marked
in the figure.
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23 months, according to the NCI-CTC v 2.0 toxic-
ity grading system, was 10.5% [16].

The mean dose and mean volume of the GTV
were 65 Gy (uncorrected dose) and 17 cm?, respec-
tively. The mean dose and mean volume of the PTV
were 61 Gy (uncorrected dose) and 72 cm?, respec-
tively. The lung is here defined as a paired organ and
doses and volumes are reported for the total lung
volume (both lungs) minus the GTV. The mean dose
and the mean volume of the total lung-GTV were 4.3
Gy (uncorrected dose) and 2926 cm?, respectively.
Patients with RP2+ had a mean dose of 4.1 Gy and
a mean volume of 2699 cm?. Dose volume histograms
(DVHs) for patients are presented in Figure 3. Six
patients with RP2+ are indicated in the graph.

At the initiation of the study (2003) the dose cal-
culation amongst participating institutions was based
on the pencil beam (PB) algorithm. This algorithm
was used for all patients on TMS-Helax (v6.1b) by
Nucletron or Eclipse by Varian. Correction for inho-
mogeneities was used. The PB algorithm is known to
overestimate the dose to the lung volume between
the GTV and PTV [17]. In the fractionation correc-
tion of the DVHs all bins (0.5 Gy) were corrected to
2 Gyl/fraction.

NTCP modelling of SBRT data

In the present analysis, the parameter n of the LKB
model was determined for an interval of values of m
and D, Individual DVH’s were used, and n was
determined so that the mean N'TCP of the calculated
NTCPs from the Nordic phase II trial [16] was
10.5%. The reason for this methodology, instead of a
maximum-likelihood fit of the individual patient data,
for determination of all three parameters of the LKB
model was the low number (6) of events of RP2+.

NTCP was defined by the Lyman-Kutcher-
Burman (LKB) model [18,19]

Total lungvol - GTV (cms)

60 70 80 90
Dose (Gy)

Figure 3. Dose-volume-histograms (DVHs) of the total lung
volume minus GTV in cm? for the 57 SBRT patients. Six patients
with RP2+ are marked with black lines. An enlargement for better
visualization is inserted.

2

r X
NTCP= | e2dx ®
2T o0
where
= EUD-D,, (10)
m- D,

and the equivalent uniform dose (EUD) was defined
by

1 174 ¥
EUD= [Z_D?ﬁm " ) (11)
1 I/mt

The doses D, were corrected to 2 Gy/fraction by
the two described models for calculating biological
equivalent doses: LQ, Equation 2 with an o/f=3 Gy
and USC, Equations 2 and 6 in 0.5 Gy steps for the
complete DVH. The USC uses the L.LQ model up to
the transition dose d;. For higher dose SHMT
correction for fractionation was used.

D - equation 2 if < d;
v ) equation 6 1f > dr
(12)

In the analysis, the volume parameter n was a free
modelling-parameter while the LKB parameters m
and D, were analysed in an interval 0.3 to 0.4 (m)
and between 20 to 30 Gy (D). The volume param-
eter n was determined in a fitting procedure of NTCP
to the incidence of RP2+ of 10.5%. The sensitivity
of the parameter n was investigated by changing the
incidence to 5% and 15% compared to the real clin-
ical incidence of 10.5%.

Finally, NTCP was also calculated with the
parameter values obtained from CFRT; n = 0.9,
m = 0.4 and D, = 30 Gy [20,21] with correction
for fractionation by the LQ model with o/f = 3 Gy.

Fractional NTCP

The LLQ model predicts a lower survival compared
to the USC model at high doses. This would mean
that high-dose volumes would contribute more to
the calculated N'TCP if the doses are converted to
2 Gy/fraction with LQ compared to USC. However,
another important factor that may counter-balance
this is the volume-dependence factor n in the NTCP
calculation. In order to understand the fractional
contribution to the calculated NTCP from the dif-
ferent dose-bins the concept of fractional NTCP
was used for both LQ- and USC-corrected DVHs
[22]. This gives an interpretation of the relative
contribution of different dose levels to the calculated
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NTCP, which may give an insight to the questions
of whether “high doses to small volumes” or “low
doses to large volumes” are most important for lung
toxicity.

In this work we define the fractional NTCP;_  as
the incremental growth of calculated NTCP after
each dose-volume-histogram bin normalised to the
calculated NTCP for respectively model studied. Or
formally expressed NTCP,, [1-NTCP(D,)/
NTCP(D,=0)], where D_ is the dose lower than a
cut-off level which is not taken into account for in
the calculation of NTCP.

NTCP,, . was calculated from the DVH of a rep-
resentative patient with both USC corrected DVH
data with NTCP parameters n =0.71, m = 0.4,
D., = 30 Gy and LQ corrected DVH data and NTCP
parameters n = 0.87, m = 0.4, D, = 30 Gy.

SBRT chinical data from lLiterature

In this work a review of data on lung toxicity and
dose/volume characteristics from SBRT of lung
tumours was performed [4,16,23—-32]. The way that
doses are reported varies greatly which makes a
comparison between different studies to some extent
difficult. In the present review of SBRT data, mean
value of absorbed dose to lung (total lung or ipsi-
lateral lung volume) or in some cases only V20 were
reported. Summary of published SBRT data where
reported. From the dose data we reconstructed the
treatments and calculated DVH. The reconstruc-
tions were done either using our DVH-data that
matched the published data (assuming that similar
SBRT techniques generates the same shape of
DVH’s) or we planned a treatment with the pub-
lished techniques aiming to achieve the same dose
parameters as in the published study. Mean lung

Table I. Values of the parameter n from the NTCP modelling.

Fractionation

correction type N m D, (Gy)
USC 0.71% 0.4 30
LQ 0.87 0.4 30
USC 0.63 0.3 30
LQ 0.76 0.3 30
USC 0.91 0.4 20
LQ 1.02 0.4 20
USC 0.82 0.3 20
LQ 0.93 0.3 20

Modelled NTCP=10.5%. Doses corrected for fractionation
with the universal survival curve USC and with the LQ-model
(0/p=3). The values of the parameters m and Dy, were
fixed to 0.4 and 30 Gy or 20 Gy or 0.3 and 30 Gy or 20 Gy. “To
test the sensitivity of the USC parameters D, and 72, NTCP
modelling were performed on four sets of parameters from points
a-d in Figure 1, resulting in n ranging between 0.55-0.74.

x Nagata (24)
0.50
x Borst (28)
0.40 e Guckenberger (4)
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+
N P
¢ Onishi (26
& 0.30 . (26)
g A Song (17)
c
§ 0.20 o Schefter (18)
2 / o Hoyer(19)
0.10 X R - x Nyman (22)
° ) i o Yamashita (25)
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EUD (Gy)

Figure 4. Incidence of RP2+ as a function of equivalent
uniform dose (EUD) calculated with n=0.71. The line shows
NTCP calculated with parameters m=0.30, D;,=30 Gy. The
value of the parameter n was determined from the data point
EUD=15 Gy and incidence of RP2+= 10.5% (Baumann et al.
2008). As a sensitivity test of n, the incidences 5% (0.05) and
15% (0.15) at 15 Gy, were modelled (dotted line). References
in Table II.

dose (MLD) was calculated using LLQ corrected
dose data and n=1. Equivalent uniform dose (EUD)
was calculated using USC corrected data and
n=0.71 (Table II).

Results

The n values for the LQ and the USC fractionation
correction, were determined for m = 0.4 or 0.3 and
D,, = 30 Gy or 20 Gy (Table I). The parameters
chosen in the USC model, D, = 1 and 7 = 10, is
indicated by the star (*) in Figure 1.

The sensitivity of n (for m = 0.4 and D,, = 30
Gy) with USC parameters, D, and 7 , were analysed
for the parameter-values at the four points a-d in
Figure 1, resulting in the following values of n; 0.55,
0.77, 0.62 and 0.74, respectively.

The sensitivity of n (for m = 0.4 and D,,=30
Gy) with the incidence using the USC fractionation
correction, was evaluated. For an incidence of RP2+
of 5% or 15% instead of 10.5% (Figure 4) the results
were n = 0.89 and n = 0.65, respectively.

Using LKB parameter values obtained from
CFRT (n = 0.9, m=0.37, D, = 30 Gy) [33] and
the LQ model for fractionation correction the
NTCP became 6.2% which underestimates the
incidence of RP2+.

The NTCP modelling resulted in a volume
parameter n for the LKB generally less than unity.
As a consequence, MLD might not be a relevant
parameter for the prediction of lung toxicity in SBRT.
The incidence of RP2+, from the literature review,
is consequently presented as a function of EUD,
shown in Figure 4 and Table II. The EUD values
were calculated with n=0.71. Table II describes the
assumptions done to calculate EUD for each data
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Table II. Summary of published SBRT data. Incidences of RP2+ and estimated EUD.

NTCP values/ Incidense of MLD (Gy) EUD (Gy)

Reference No of pts MLD (Gy) RP2 + (%) (LQ,n = 1.0) (USC, n = 0.71)
Song et al. [23] 17 NTCP=5% 5.8 10.7 14.6M
Schefter et al. [24] 25 V,5=10.6% 0 16.3 19.6
Hoyer et al. [25] 40 13.3 Gy* 0 8.4 12.0M
Nyman et al. [27] 45b personal communication 0 10.6 15.5M
Wulf et al. [28] 21 4.5 Gy 3.0 4.5 5.9M

6.8 Gy 3.0 6.8 10.5M
Nagata et al. [29] 40 3.1 Gy*V,,=4.5 4.0 3.8 6.2R
Borst et al. [32] 128 10.9 6.4 9.1M
Guckenberger et al. [4] 70 4.5 Gy 7.0 4.5 5.9M

6.8 Gy 7.0 6.8 10.5M
Baumann et al. [16] 57 17.4 Gy? 10.5 10.0 15
Yamashita et al. [30] 25 4.3 Gy°© 29.0 8.9 13.8R
Onishi et al. [31] 35 6.9 Gy*© 9.0 13.3 18.6R
aMLD physical mean lung dose for ipsilateral lung.

uncorr ) .
bRetrospective patient data.

‘MLD physical mean lung dose for total lung.

uncorr Lo
MMatched clinical data.

RReconstructed dose plan.

point. For comparison incidence data are presented
as a function of MLD in the supplement, found
online at http//www.informahealthcare.com/(DOI:
10.3109/0284186X.2010.543695).

Figure 5 shows the NTCP,, . with correction for
fractionation based on either the USC (n = 0.71,
m = 0.4, Dy, = 30 Gy) or the LQ model (n = 0.87,
m = 0.4, D, = 30 Gy). At low doses there is a higher
impact on the NTCP corrected with the LQ model
(grey line) than with the USC model (black line),
since the function NTCP;,  grows faster for the
LQ-model. As a result, the low dose is less important
for the calculated NTCP using the USC model for
fractionation correction while the higher doses have
a higher impact. This is explained by the lower value

1,000
-

0.900
0.800

0.700 — — NTCP USC n=0.71
0.600 / NTCP LQ n=0.87 |
0.500

0.400 /
0.300 /
0.200 /

0.100

0.000 - T - - - r -
0 10 20 30 40 50 60 70
Uncorrected dose (Gy)

NTCPfract

Figure 5. Fractional NTCP;,  calculated with DVH-data
corrected with USC and LQ (o/f =3) as a function of cut-off
dose for a representative patient. The plot illustrates the cumulative
contribution to the NTCP. With the USC correction the low doses
have less impact on NTCP compared to what is seen with the LQ
correction.

of the n parameter for the USC correction compared
to the LQ correction (Table I).

Discussion

In CFRT, a correlation has been established between
DVH parameters and clinically relevant lung toxicity.
This is, however, generally not the case in SBRT of
targets in the lungs, with a few exceptions [32,34],
Borst et al. [7] found a significant dose-response rela-
tionship for RP after SBRT, but analysing literature
data presented in Table II and Figure 4 of RP2+ as
a function of EUD, there is still no clear correlation

400

e LQ corrected dose

- - - Uncorrected (physical) dose

= Corrected USC /
300 /

250 /

200

150 /
100 /

50

350 T—

Equivalent dose in 2Gyl/fraction (Gy)

Total dose delivered by three fractions (Gy)

Figure 6. The total uncorrected dose given in three fractions as
a function of the dose given in 2 Gy per fraction (EQD2) using
different fractionation correction models (LQ, uncorrected and
USC). The dose level of 15 Gy x 3, used in the clinical data set
is marked in the figure. Note, this refers to lung and not to
tumour tissue.
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between dose and RP. Uncertainties in calculating
EUD and clinically scoring RP2+ might hide a cor-
relation (see Discussion).

Survival curves and calculation of biological
equivalent doses

There is some support for the USC model at high
doses from in vitro data. Park et al. determined the
dose-response curve for a survival fraction as low as
1077 for H460 NSCLC cell lines by [12]. However,
there is a lack of i wvivo data concerning lung
toxicity for patients treated with extreme hypo-
fractionation to promote or exclude any of the two
models for fractionation correction [13].

To visualise the different fractionation correc-
tions for SBRT, Figure 6 shows the equivalent dose
delivered in 2 Gy per fraction as a function of the
total dose delivered in three fractions. The param-
eter values given in methods were used in the
calculations. The uncorrected dose of 45 Gy given
in 3 fractions is marked, since it was the prescribed
dose at the periphery of the PTV in the clinical
SBRT data set used here. The corrected doses
at this dose level with the different models are
for LQ equal to 162 Gy and for USC equal to
111 Gy.

NTCP modelling and EUD calculation

Regarding the sensitivity of USC parameters, D and
7, it can be concluded that even ‘extreme’ values of
o and d. (a to d in Figure 1) still give D and 7 val-
ues that result in low values of n for the USC model
compared to the LQ model. With the selected param-
eter values (D, = 1.0 Gy, 7 =10) n = 0.71 and at
the points, a to d, the n value varies between 0.55
and 0.74 for the USC model compared to n = 0.87
for the L.Q model.

In the NTCP modelling the parameter values
used for Dy, and m were respectively 20 Gy or 30
Gy and 0.3 or 0.4. Some arguments to support the
studied interval of D, and m are:

a) Modelling done for SBRT have suggested
values for D, 20 Gy [32,34] and for CBRT
30 Gy are used [35]. From Figure Al in the
appendix it can be seen that Dy, is reason-
ably similar for whole lung irradiation and
limited irradiation from breast/lung cancer
RT.Thus, an even more focused/limited irra-
diation as in SBRT may be assumed to have
a similar D value.

b) Looking at Figure Al in the supplement
(online) a clear difference of the slopes in the

dose-response curves between whole lung
irradiation (m = 0.2) and breast/lung cancer
RT (m = 0.4) can be seen. Assuming that
SBRT will have an even more shallow slope
would imply that m has to be higher than
0.4. However, this is not consistent with the
functional form of the NTCP model. A value
much larger than 0.4 is mathematically unre-
alistic as the low dose region, which is the
important region in this context, is not
modelled correctly, with a non-zero NTCP
value for a dose equal to zero.

The sensitivity of the parameter n, for m = 0.4
and D, = 30 Gy, respectively, was evaluated by
assuming an incidence of RP2+ to 5% and 15%.The
result was accordingly, n = 0.84 and n = 0.62. It
may be argued that the span of incidence of 5 to 15%
as simulated here is consistent with the incidence
data reported by other groups (with the exception of
extreme values) as shown in Figure 4.

In comparison, Borst et al. [13] found values of
D, = 20.8 Gy and m = 0.45 assuming thatn = 1,
while Ricardi et al. reported Dy, = 22.4 Gy [34] in
their modelling.

To explore whether the result of this study, was
specific for the LKB-NTCP model, the relative seri-
ality RS-N'TCP model was used in a fitting proce-
dure, with USC-corrected DVH-data obtaining
s = 0.47,y = 1, and D,, = 30 Gy. The result was
consistent with what was seen with the LKB model,
indicating a more serial architecture of the FSU. It
should be noted that the RS model is based on
different statistics where the seriality parameter s is
high when a serial architecture is seen. Reported
values of s for CFRT in BC and LC RT is of the
order of 0.1 or less [35].

Fractional NTCP

The question of whether “high doses to small vol-
umes” or “low doses to large volumes” are most
important for lung toxicity in SBRT still remains
open. A consequence of the lower n value for the
USC corrected data, compared to the LQ corrected,
is that the volumes of lung tissue receiving a low dose
will contribute less (relatively) to the calculated
NTCP than volumes receiving high doses, as illus-
trated in Figure 5. This finding in the NTCP model-
ling is not consistent to the experimental finding
made by Semenko et al. [36], where the lungs of rats
were irradiated to different dose levels and volumes
of lung tissue keeping the mean lung dose fixed. In
that study the rats that were irradiated to a larger
volume with lower doses experienced more toxicity
than the ones that were irradiated to smaller volumes
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but with higher doses. Based on the lung-DVH data
reported for the rats, NTCP modelling was per-
formed. As a result a “super-parallel” architecture of
the lung (n > 1) has to be assumed in order to get
a higher NTCP for the whole-lung irradiated rats,
compared to those rats that were irradiated to smaller
lung volumes. However, one of the methodological
problems in the comparison between rat and the
NTCP modelling of human data is that the present
study deals with the probability of a specific end-
point (RP2+), whereas in the rat study the breathing
frequency was studied (a continuous parameter that
reflects the deterioration in lung function). Further-
more the function of the lung differs between differ-
ent mammals.

End point and DVH data for lung toxicity

The response of lung to radiation is a complex pro-
cess and is usually divided into two phases; early and
late [37].The acute phase develops one to six months
after treatment, and late phase with established fibro-
sis develops and peaks at six months after therapy. It
is varying in grade from asymptomatic to severe. In
this work, RP2+ or higher was selected as end point,
since RP2+ 1is a clinical meaningful condition for
modelling that affects the patients quality of life. In
addition, this endpoint led to a reasonable number
of events for NTCP-modelling.

The end-point of RP is subjective and as such
prone to be user dependent. Work has been done
to diagnose RP by objective means with different
clinical (lung physiology [16,26]) and radiological
parameters (CT-scan [4,5]), but a correlation to
clinical relevant side-effects has not yet been
established.

The response of the lung after a high biologic effec-
tive dose given and concentrated to a small part of the
lung, may be interpreted in terms of biological organ-
isation, and stem from the complex anatomical struc-
ture of the lung with many different substructures such
as the alveoli, the bronchial tree and also dependent
on adjacent structures such as the pericardium. RP is
not only caused by damage in the alveoli but also in
the end bronchioles, the interstitial tissue and con-
necting capillaries. The alveoli are thought to work
as structurally defined organs in parallel, which may
have some correspondence to functional subunits of
NTCP models. However, with very high fractional
doses the surrounding tissues may translate the inju-
ries to adjacent alveoli resulting in a response that
could be interpreted as a more serial architecture of
these functional subunits.

The lung is reported to have different sensitiv-
ity in different parts of the lung [33,38,39]. This
suggests that correlations between DVH para-

meters and toxicity as well as NTCP modelling
will be specific for each target location and treat-
ment technique within the thorax. The large span
in toxicity data described (Figure 4) may be
explained by this.

In SBRT, RP is likely to occur after the treatment,
and might not be documented as an unexpected
event. This means that lung toxicity is probably
underreported in the literature, especially in retro-
spective studies. One author reports a surprisingly
high incidence of severe lung toxicities [30] as other
have reported none [24-27].

Another consideration is that confounding fac-
tors (smoking behaviour, lung function and che-
motherapy prior to RT) influencing the response
to radiation, are not always reported in SBRT
studies.

Several sources of uncertainties exist in the cal-
culation of the EUD values of Figure 4. The calcula-
tions were based on reported dosimetric data of
SBRT and in order to calculate EUD several assump-
tions were made, as described in Table II. Further-
more, there are known issues about the accuracy of
dose calculation algorithms in lung tissue [40]. The
pencil beam algorithm (PPB) was earlier used by many
centres but today more accurate algorithms based on
3-D scatter corrections are often used. The PB is
known to overestimate the dose to the lung volume
between the GTV and PTV and have been reported
for SBRT cases [17]. The impact of comparing dosi-
metric data in SBRT generated with different types
of algorithms needs to be further investigated. How-
ever, in this study all participating centres used the
PB algorithm.

Conclusion

In SBRT of lung tumours, NTCP modelling of lung
toxicity RP2+ comparing the LQ and the USC
models for fractionation correction, shows that low
dose volumes contribute less and high dose volumes
more to the NTCP when using the USC model.
Comparing NTCP modelling of SBRT data and
data from breast cancer, lung cancer and whole lung
irradiation implies that the response of the lung is
treatment specific. More clinical data are however
needed in order to have a more reliable conclusion
whether the NTCP model with USC correction for
fractionation of DVH data improves the description
of the response of the lung to hypo-fractionated
regimes such as SBRT.
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