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Abstract

Objectives: This study is designed to present and evaluate radiobiological-based dose—volume histogram
(DVH) reduction schemes to calculate normal tissue complication probability (NTCP) and tumour control
probability (TCP) for intensity-modulated radiation therapy (IMRT).

Methods: The proposed DVH reduction schemes were derived for 2 Gy per fraction and prescribed dose per
fraction for critical organs and tumours, respectively. Sample computed tomography scans were used to
generate two IMRT plans to deliver 54 Gy to PTV1 and 24 Gy to PTV2 via sequential IMRT boost (SqIB) and
simultaneous integrated IMRT boost (SIB) plans. Differential DVHs were used to calculate effective volumes
using published values of related parameters of critical organs and prostate.

Results: NTCP values for bladder were almost zero for both IMRT plans. The plots between k and NTCP for
rectum and femurs (k = 0.1—1.0) show higher NTCP for SqIB than that for SIB. The TCP decreases with
increasing clonogenic cell density and is higher for SIB than that for SqIB for all clonogenic cell den-
sities. The value of « proposed by Brenner and Hall shows very low radio sensitivity of clonogens of the
prostate, which gives very low TCP for conventional doses of 70—80 Gy delivered in 7—8 weeks, even for
very low clonogenic cell density in the prostate.

Conclusion: The presented DVH reduction schemes have radiobiological bearing and therefore seem to be
effective in calculating fairly accurate NTCP and TCP.
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INTRODUCTION radiation therapy (IMRT) treatment planning

) ) ] is to maximise the dose to the tumour volume
Th; aim of three dlmen51opal (3D ) conformal 14 to minimise the dose to the adjacent normal
radiation therapy and intensity-modulated (jsyes and/or organ at risk (OAR) to the

tumour, thereby increasing the therapeutic
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normal tissues and/or OARs to the tumour is
highly heterogeneous and some of the portions
may receive significantly higher dose, which
may be equal to the tumour dose. The compu-
tation of normal tissue complication probability
(NTCP) for such an inhomogeneous dose dis-
tribution within the normal tissue and/or
OAR is a difficult task, because the tolerance
doses for normal tissues and critical organs
were reported for uniformly irradiated partial
volumes  for  conventional fractionation
schemes.> Various researchers have proposed
different  dose—volume-histogram  (DVH)
reduction methods to convert the volume of
non-uniform dose distribution to an equivalent
effective volume of uniform dose distribution
for maximum dose received by the normal
tissue/organ,*”” which may be different than
that of the conventional fractionation dose of
1.8—2.0 Gy, and the equivalent -effective
volume were used to compute NTCP by differ-
ent non-radiobiological models. Most of these
models do not have radiobiological basis and
their parameters were computed for normal tis-
sue tolerance doses reported by Emami et al.”
for conventional dose fractionation schemes.
Hence, the use of these model parameters in
the computation of NTCP of irradiated normal
tissue or organ may not be accurate, because
dose distribution within critical organ is highly
non-uniform and receives doses in the range
of almost zero dose per fraction to the maxi-
mum dose per fraction, which may be equal
to that of the tumour dose.

Zaider and Amols'’ proposed a radiobiologi-
cal NTCP model, equivalent to the Kallman
et al’s'" ‘Poisson model of cell kill’, which
was modified by Kehwar for the linear quadra-
tic (LQ) model'* and Kehwar and Sharma for
the multiple component (MC) model."> The
data on tolerance doses as a function of dose
for partial volumes v = 1/3, 2/3 and 1, reported
by Emami et al.,> were fitted to these models to
determine model parameters. In this paper, new
methods of DVH conversion to an equivalent
effective volume have been proposed for the
calculation of the NTCP for an irradiating
normal tissues/organs, and tumour control pro-

bability (TCP) for tumours.
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METHODS AND MATERIALS

The NTCP model
The expression of the NTCP model'> may be

written as

NTCP(D, v) = exp [—Nov_k exp{—aBED}],

(1)

where a is a radiobiological parameter which
represents the radio sensitivity of irradiated
tissue/organ and is the coefficient of lethal
damage, BED is the biologically effective dose
of a uniformly irradiated normal tissue or organ
and the expression contains a tissue-specific
parameter a/f3. The N, and k are tissue specific,
non-negative adjustable parameters, v is the uni-
formly irradiated partial volume of the tissue/
organ (i.e., v = I7/1V,, where 17 is uniformly
irradiated volume of the normal tissue/organ
and 1, is the reference volume of the normal
tissue/organ).

Previously, the equivalent effective volume
from a DVH was obtained by two methods:
(1) the Lyman’s scheme® and (2) the Kutcher
and Burman’s scheme.* The Lyman’s scheme
is based on the step-by-step reduction of the
cumulative DVH (cDVH), whereas Kutcher
and Burman’s scheme uses the differential
DVH (dDVH) and is based on the assumption
that each sub volume (voxel) contributes inde-
pendently to the overall complication probabil-
ity. In this study, the dDVH of a complicated
3D dose distribution of a normal tissue/organ
is converted to a single volume ‘I” of a uniform
dose distribution irradiated to a single dose D,
delivered with 2 Gy per fraction, using Kutcher
and Burman’s scheme.”

To derive an expression of effective volume,
entire volume ‘1)’ of a normal tissue/organ is
divided into ‘n’ number of sub volumes, and is
assumed that each sub volume irradiated to a
uniform dose distribution. These sub volumes
Vi, Vs, Vi3, ..., V, are irradiated to D;, D,
Ds, ..., D, doses with corresponding dy, da,
ds, ..., d, doses per fraction, respectively. The
corresponding NTCP of these sub volumes are
NTCP(Dy, V3), NTCP(D,, 1V5), NTCP(Ds,
13),..., NTCP(D,, V/,). Let us take a sub
volume 1/ irradiated to a total dose of D; with


https://doi.org/10.1017/S1460396908006389

NTCP and TCP for inhomogeneous dose distribution

d; dose per fraction. The NTCP for this sub

volume may be written as

NTCP(Di, Vl> = exp

)

(2)

where BED; = Dj[1 + di/(a/B)], vy = Vi/ T
and a/p is the ratio of the coefficients of lethal
and sub lethal damages in the tissue/organ and is
tissue-specific parameter. Let us assume that
‘Veg i will be the corresponding effective sub
volume of I} exposed to the total dose D,
with 2 Gy per fraction. The NTCP for this

sub volume 1s written as

AN
—No (—) exp{—aBED;}
Vo

Ve i o
NTCP(Dy, Vi ;) =exp [_ No < fo_ )
0
3)

xexp{—aBED;}

3

where BED, = D,[1 + 2/(a/B)]. Because
‘Vegi 1s the corresponding effective sub
volume of I} exposed to the total dose D,
with 2 Gy per fraction, the NTCPs for dose
D; and sub volume 1/, and dose D, and effec-
tive sub volume Vg ; are equal. By equating
and rearranging the equations (2) and (3), the
Vg ; can be written as

Vegi= Viexp [— (%) (BED> —BEDi)} ) (4)
Converting all sub volumes to a single equiva-

lent effective volume ‘g,  that receives a
dose D,

Virz=» Veri= [14 exp{— (%) (BED, — BED;) H .

(5)

The total fractional effective volume can be cal-
culated as

Veff 2
Vo

Veff2 = (6)
With equation (6), the NTCP is calculated by
(7)

Equation (7) depends on N, and k non-negative
adjustable parameters, o, BED; and BED,.

NTCP(D;, Ve 2) =exp|[—Nov ,exp{—aBED,}].
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For maximum dose received by the normal
tissue/organ, the equivalent effective volume
may be written as

Vet m= z”: Vet i
B (R T—

and NTCP expression for maximum dose
received by normal tissue/organ may be written as

(8)

NTCP(D,, Verm) = exp [—NO v;ﬁfm exp{—aBED,, }] .

©)

The TCP model

The TCP 1is defined by a Poisson statistics
model,'*""'® and is written by
TCP(D, V) = exp[—pV exp{—aBED}, (10)
where p is the clonogenic cell density, 7is the
tumour volume, « is a radio sensitivity para-
meter and is the coefficient of lethal damage,

BED is the biologically effective dose of a uni-
formly irradiated tumour.

To derive an expression for equivalent effec-
tive volume of the tumour from its dDVH,
similar methodology is used as adopted for
normal tissue/organ. For the purpose, entire
tumour volume is divided into ‘%’ number of
sub volume, and is assumed that each sub
volume receives a uniform dose. These sub
volumes, 1, V5, Vi, ..., V,, are irradiated to
Dy, D, Ds,..., D, doses with corresponding
dy, do, ds, . .., d, doses per fraction, respectively.
The TCP of these sub volumes are TCP(D;,
1), TCP(D,, 15), TCP(D;, 13),..., TCP
(D,, V,), respectively. Let us suppose that a
sub volume 1} exposed to a total dose of D;
delivered with d; dose per fraction. The TCP

for this sub volume is written as

TCP(Z)17 Vl) = CXp[—p Vi CXp{—OZBEDi}], (1])
where BED; = Dj[1 + d;/(a/B)], and a/B is
the ratio of the coefficients of lethal and sub
lethal damages of the tumour. Suppose Vg ;
will be the equivalent effective sub volume
exposed to the total dose of D,, delivered with
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d, Gy per fraction. The TCP for this sub

volume 1s written as
TCP (Dp, Vcﬁgi) = exp [—p Ve exp{—ozBEDp }] . (12)

Here BED,, = D,[1 + d,/(a/B)]. It is assumed
that if the TCP for dose Dj, sub volume 1/,
dose D, and sub volume Vg ; are equal. By
equating and rearranging the equations (11)
and (12), the total V.4, can be written as

n

Vo =3 Vs = 3 [Viexp{—a(BED, ~ BED, ) }].
(13)

The total effective volume is calculated with
equation (13) and the TCP is calculated by

TCP (DP, Veﬁgp) = exp [—p Veg p exp{—aBEDp ] .
(14)

Equation (14) is an expression of TCP for
the tumour exposed with non-uniform dose
distribution.

IMRT treatment plans

To examine the applicability of equations (7), (9)
and (14), sample computed tomography scans of
pelvis region were used to generate the IMRT
plans using Eclipse treatment planning system.
The bladder, rectum, femurs, prostate and
seminal vesicles were contoured and planning
target volumes (PTVs) were created for the
IMRT planning. The PTV1 created with 1cm
margin to prostate and seminal vesicles (prostate
+ seminal vesicles + 1.0cm), and PTV2 with
0.75cm to the prostate (prostate + 0.75cm).
Two IMRT plans were generated: (1) IMRT
initial to PTV1 (IMRT1) followed by an
IMRT boost to PTV2 (IMRT2), that is, the
sequential IMRT boost (SqIB), and (2) simul-
taneous integrated IMRT boost (SIB) to both
PTV1 and PTV2. The prescription doses to
PTV1 and PTV2 were 54 Gy and 24 Gy,
respectively. The maximum dose limits to the
critical organs were set to 50 Gy for bladder
and femurs and 45 Gy for rectum. The priorities
for these organs were set to 80% and limiting
volume to 10%. The dDVH of critical organs
and prostate of both the IMRT plans were
used for effective volumes using proposed
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dDVH reduction schemes, which were used in
the computation of NTCP and TCP.

RESULTS AND DISCUSSION

In the computation of equivalent effective
volume and the NTCP for critical organs, the
values of the parameters, Nj, k, a, a/B were
used from earlier publication,12 where N,
k and a were derived from Emami et al.’s® nor-
mal tissue tolerance doses and published values
of a/B. The values of these parameters are
given in Table 1.

The values of a/f for bladder, rectum, and
femoral head and neck were taken from the
reports of Withers et al. (1995),'®'” Stewart
et al. (1984),'®" and Deore et al. (1993),*
respectively. The value of k in Table 1, for rec-
tum and femoral head and neck is zero, because
Emami et al.” had provided TDs,5 and TDs5
values only for single volume, that is, two point
tolerance dose data, hence the value of k could
not be derived but was set to zero. In this ana-
lysis, the NTCP for rectum and femurs is calcu-
lated for k varies from 0.1 to 1.0. The value of
NTCP for bladder is almost zero for both
SqIB and SIB plans, calculated using equations
(7) and (9). Because, the value of k, for rectum
and femurs, is set from 0.1 to 1.0, the plots
between k and NTCP, calculated for 2 Gy/
fraction and d,, Gy/fraction, are shown in
Figures 1a,b for rectum and in Figures 2a,b for
femurs, respectively. It is clear from Figure 1a,
b that the values of NTCP are higher for SqIB
plan than that for SIB for rectum, irrespective
to the value of k. Figures 2a,b reveals that values
of NTCP of femurs are higher for SqIB plans
when k 1s <0.2.

The values of NTCP calculated for 2 Gy and

d,, Gy per fraction using equations (7) and (9)
are identical and demonstrates that the proposed

Table 1. Values of NTCP parameters derived for Emami et al.” data

Organ k No a afB
Bladder 2.924 7007.99 0.0878 6.0
Rectum 0.0 241.84 0.0484 3.9
Femoral head and neck 0.0 1045.23  0.0349 0.8
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(a) Plots between k and NTCP of rectum for SqIB
and SIB plans for 2Gyifx
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(b) Plots between k and NTCP of rectum for SqIB

and SIB plans for d,, Gyifx
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Figure 1. Represents the curves between parameter k, ranges from 0.1 to 1.0, and NTCP of rectum for SqIB and SIB IMRT plans

with reference dose per fraction of (a) 2 Gy, and (b) d,, Gy.

(a) Plots between k and NTCP of femurs for SqIB

and SIB plans for 2Gyifx
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{b) Plots between k and NTCP of femurs for SqIB
and SIB plans for d,,, Gyifx
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Figure 2. Represents the curves between parameter k, ranges from 0.1 to 1.0 and NTCP of the femurs for SqIB and SIB IMRT

plans with reference dose per fraction of (a) 2Gy, and (b) d,, Gy.

Table 2. TCP calculated using o = 0.04 Gy and /B = 1.5 Gy

Brachytherapy External beam radiation therapy
PSA <10 PSA 10—20 PSA >20

IMRT plan p = 15.3 p=>534p=953 p=2302.3
SqIB 51.5% 9.7%  1.6% 1.8 x 107%%
SIB 100% 93.6%  88.8% 68.6%

dDVH conversion method to get equivalent
effective volume is accurate irrespective of
reference dose and dose per fraction.

To compute the TCP, for both the plans, the
values of a, a/3 and clonogenic cell density for
the prostate have been extracted from various
published reports. Brenner and Hall*' proposed
that @ and a/f for prostate cancer were
0.036 Gy~ ' (=0.04 Gy ') and 1.5 Gy, but in
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Table 3. TCP caleulated using @ = 0.15 Gy~ " and /B = 3.1 Gy

Brachytherapy External beam radiation therapy
PSA <10 PSA 10—-20 PSA >20

IMRT plan p = 15.3 p =534 p=2953 p=3023
SqIB 98.3% 94.2% 89.8% 71.2%
SIB 100% 100% 100% 100%

the analysis the clonogenic cell density was not
reported. Therefore, King and Mayo™ have
repeated the analysis of Brenner and Hall*!
using same equation and data and found that
the number of clonogenic cells, for brachyther-
apy data, 1s 15.3, whereas for external beam
therapy (EBRT) data, the values were 53.4,
95.3 and 302.3 for PSA <10, PSA between
10—20, and PSA >20, respectively. The TCP
for these values of a, a/B and clonogenic cell
density are listed in Table 2.
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Table 4. TCP calculated using o = 0.346 Gy~

Uand a/B = 4.96 Gy

Brachytherapy External beam radiation therapy
PSA <10 PSA 10-20 PSA >20
IMRT plan p =3.4x10° p=19x10° p=33x10° p = 1.05 x 10°
SqIB 100% 100% 100% 100%
SIB 100% 100% 100% 100%
Wang et al.>> have determined the values of CONCLUSION

a and a/B for prostate cancer were 0.15 Gy~
and 3.1 Gy, respectively. These values of a,
a/B were used to compute TCP using dDVH
of prostate for above-described number of
clonogenic cells for brachytherapy and
EBRT data sets, and are listed in Table 3.

King and Mayo™ proposed that a/8 should
be constant for all clonogenic cells in a tumour,
which implies that mathematically o and S
obey Gaussian distribution with mean value
and standard deviation. They used same bra-
chytherapy data, used by Brenner and Hall,'
to determine the values of a and number of
Clonogemc cells, and found mean a = 0.346
Gy with standard deviation of 0. 049 and
number of clonogenic cells = 3.4 x 10%. Using
these values of @ and standard deviation, the
EBRT data were used to calculate the value of
a/B and number of clonogenic cells. The a/f3
was found to be 4.96 Gy, and number of clono-
genlc cells were 1.9 x 10%, 3.3 x 10% and 1.05 x
10” for PSA <10, PSA between 10 and 20 and
PSA >20, respectively. These values were used
to calculate the TCP, for both the IMRT plans
of the prostate, and are shown in Table 4.

In this analysis, it 1s clear from Tables 2 and 3
that the TCP decreases with clonogenic cell
density and is higher for SIB than that for
SqIB for all clonogenic cell densities. The
value of a is also a critical parameter in the
estimation of equivalent effective volume as
well as TCP. The value of a proposed by
Brenner and Hall*' represents very low radio
sensitivity of the clonogens of the prostate,
which gives very low TCP for conventional
doses of 70—80 Gy delivered in 7—8 weeks,
even for very low clonogenic cell density in
the prostate.
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The DVH reduction schemes presented in this
paper are having radiobiological bearing and
calculate fairly accurate NTCP and TCP. The
schemes take into account the effect of variation
in dose per fraction in normal tissues/organs
and tumour. The cell sensitivity is taken into
account in the formulation in the form of
LQ parameters, such as o and a/f parameters.
The reference dose per fraction taken in this
study 1s 2 Gy or d,, per fraction for normal
tissues and d,, (prescribed dose per fraction) for
tumours. The use of 2 Gy per fraction for nor-
mal tissues advocates direct use of the Enami
et al.’s’ data of normal tissue tolerance doses.

References

1. Tubiana M, Eschwege F. Conformal radiotherapy and
intensity—modulated radiotherapy. Acta Oncol 2000;
39(5):555—567.

2. ICRU, Report 50. Prescribing,
photon beam therapy. International Commission on Radia-
tion Units and Measurements. Washington, DC, 1993.

3. Emami B, Lyman ], Brown A, Coia L, Goiten M,
Munzenride JE, Shank B, Solin L], Wesson M. Tolerance
of normal tissue to therapeutic radiation. Int ] Radiat
Oncol Biol Phys 1991; 21:109—122.

4. Kutcher GJ, Burman C. Calculation of complication

recording and reporting

probability factors for non uniform normal tissue irradia-
tion: the eftective volume method. Int J] Radiat Oncol
Biol Phys 1989; 16:1623—1630.

5. Kutcher GJ, Burman C, Brewster MS, Goitein M,
Mohan R. Histogram reduction method for calculating
complication probabilities for three-dimensional treat-

ment planning evaluations. Int J Radiat Oncol Biol
Phys 1991; 21:137—-146.

6. Lyman JT. Complication probability as assessed from dose-
volume histograms. Radiat Res Suppl 1985; 8:513—S19.

7. Lyman JT, Wolbarst AB. Optimization of radiation ther-
apy, IV: a dose-volume histogram reduction algorithm.
Int ] Radiat Oncol Biol Phys 1989; 17:433—436.


https://doi.org/10.1017/S1460396908006389

NTCP and TCP for inhomogeneous dose distribution

10.

11.

12.

13.

14.

15.

Cozzi L, Buffa FM, Fogliata A. Comparative analysis of
dose volume histogram reduction algorithms for normal
tissue complication probability calculations. Acta Oncol
2000; 39(2):165—171.

Hamilton CS, Chan LY, McElwain DLS, Denham JW.
A practical evaluation of five dose volume histogram
Radiother  Oncol  1992;

reduction  algorithms.

24:251-260.

Zaider M, Amols HI. Practical considerations in using
calculated healthy-tissue complication probabilities for
treatment-plan optimization. Int J Radiat Oncol Biol
Phys 1999; 44:439—447.

Kallman P, Agren A, Brahme A. Tumour and normal tis-
sue responses to fractionated non-uniform dose delivery.
Int ] Radiat Biol 1992; 62:249—262.

Kehwar TS. Analytical approach to estimate normal
tissue complication probability using best fit of normal
tissue tolerance doses into the NTCP equation of the
linear quadratic model. J Cancer Res Ther 2005; 1(3):
168—179.

Kehwar TS, Sharma SC. The best fit of the normal tissue
tolerance data to the multiple component model. Pol ]
Med Phys Eng 2003; 9(4):239—-269.

Fischer JJ. Theoretical considerations in the optimization

of dose distribution in radiation therapy. Br J Radiol
1969; 42:925—-930.

Brahme A, Agren AK. Optimal dose distribution for era-
dication of heterogeneous tumors. Acta Oncol 1987,
26:377—385.

https://doi.org/10.1017/51460396908006389 Published online by Cambridge University Press

17.

18.

19.

20.

21.

22.

23.

Withers HR, Peters L], Taylor JM et al. Local control of
carcinoma of the tonsil by radiation therapy: an analysis
of pattern of fractionation in nine institutions. Int ] Radiat
Oncol Biol Phys 1995; 33:549—562.

Withers HR,, Peters L], Taylor JM, Owen JB, Morrison WH,
Schultheiss TE, Keane T, O’Sullivan B, van Dyk J, Gupta N
et al. Late normal tissue sequelac from radiation therapy for
carcinoma of the tonsil: patterns of fractionation study of
radiobiology. Int J Radiat Oncol Biol Phys 1995;
33:563—568.

Stewart FA, Randhawa VS, Michael BD. Multifraction
irradiation of mouse bladders. Radioth Oncol 1984;
2:131—140.

Stewart FA, Soranson JA, Alpen EL, Williams MV,
Denekamp J. Radiation induced renal damage. The effect
of hyperfractionation. Radiat Res 1984; 98:407—420.

Deore SM, Shrivastava SK, Supe SJ, Viswanathan PS,
Dinshaw KA. a/f value and importance of dose per frac-
tion for the late rectal and recto-sigmoid complications.
Strahlenther Onkol 1993; 169:521—526.

Brenner DJ, Hall EJ. Fractionation and protraction for
radiotherapy of prostate carcinoma. Int J Radiat Oncol
Biol Phys 1999; 43(5):1095—1101.

King CR, Mayo CS. Is the prostate o/ ratio of 1.5 from
Brenner & Hall a modeling artifact? Int J Radiat Oncol
Biol Phys 2000; 47(2):536—538.

Wang JZ, Guerrero M, Li XA. How low is the a/f3 ratio
for prostate cancer? Int J Radiat Oncol Biol Phys 2003;
55:194—-203.

157


https://doi.org/10.1017/S1460396908006389

