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Abstract

Adaptive radiation therapy is a promising concept that allows individualised, dynamic treatment
planning based on feedback of measurements. The TomoTherapy Planned Adaptive application,
integrated to the helical TomoTherapy planning system, enables calculation of actual dose delivered
to the patient for each treatment fraction according to the pretreatment megavoltage computed
tomography (MVCT) scan and image registration. As a result, new fractionation treatment plans are
available if correction is necessary. In order to evaluate the real clinical effect, biological dose is
preferred to physical dose. A biological parameter, biologically effective uniform dose (D), has the
advantages of not only reporting delivered dose but also facilitating the analysis of dose�response
relations, which link radiation dose to the clinical effect. Therefore, in this study, four lung patients’
adaptive plans were evaluated using the D in addition to physical doses estimated from the
TomoTherapy Planned Adaptive module. Higher complication-free tumour control probability (Pþ) (of
about 8%) was observed in patients treated with larger dose-per-fraction by using the D in addition
to the physical dose. Moreover, a significant increase of 13.2% in the Pþ for the adaptive Tomo-
Therapy plan in one of the lung cancer patients was also observed, which indicates the clinical
benefit of adaptive TomoTherapy.
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INTRODUCTION

Helical TomoTherapy is a feasible solution of
image-guided radiation therapy to fulfil highly
conformal intensity-modulated radiotherapy
(IMRT).1,2 The presence of the integrated
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online megavoltage computed tomography
(MVCT) unit results in innovative approaches
to adaptive radiation therapy.2 Adaptive
radiation therapy is a concept/technique to
modify radiation treatments in a closed-loop
process, utilising a systematic feedback of mea-
surements.3 MVCT, which would be acquired
just before each treatment, enables verification
of daily set-up and corrections for internal
organ motion. These MVCTs also serve as
inputs for the adaptive module of helical
TomoTherapy, the Planned Adaptive software.

The Planned Adaptive software is capable of
registering manually and automatically the
MVCT images generated on the day of the
treatment with the kilovoltage computed tomo-
graphy (kVCT) images used for treatment
planning.4 With the image registration, the
volume changes in the target and/or in the nor-
mal tissues during the treatment course of
TomoTherapy could be evaluated.4�6 Based
on the registered kVCT-MVCT images, a veri-
fication dose distribution is calculated to indic-
ate the actual dose delivered to the target and
the adjacent normal tissues.7 Using the verifica-
tion doses and sinograms from different treat-
ment fractions, a summation dose is generated
for the partial or the whole course of treatment.
Based on the dose deviation of the summation
dose from the planned prescription, the adapt-
ive modification of the rest treatment fractions
could subsequently be made.4,6,8 Although
adaptive planning is considered to be a promis-
ing way to continuously adjust the dose that
would be delivered to the target and organs at
risk, the clinical benefit in relation to the cost
of extra time and effort of re-planning remains
mostly unproven.

Biologically effective uniform dose (D) is able
to report physical dose delivery, but more impor-
tantly, it facilitates the analysis of dose-response
relations, which link the radiation dose to the

clinical effect.9 Therefore, the concept of the D
has been used to assess the difference between
planned and delivered IMRT dose distribu-

tions.10 Previous studies have utilised D for plan
comparison between helical TomoTherapy and
multileaf collimator�based IMRT.11,12

With the ability to retrospectively review the
delivered doses to the target and critical organs
by using the Planned Adaptive software plus
the capability of converting the physical doses

to clinical effectiveness using the D , the goal
of this study is to predict the radiobiological
effects of the adaptive TomoTherapy using the

D in addition to physical dose indices (such as
the dose-volume histogram (DVH) and the
mean dose). Furthermore, the clinical impact
of the adaptive plans in TomoTherapy would

be assessed by using the D and the complica-
tion-free tumour control probability, Pþ.

MATERIALS AND METHODS

Study candidates and adaptive software
module of TomoTherapy

Helical TomoTherapy was delivered using the
Hi-Art TomoTherapy unit (TomoTherapy
Inc., Madison, WI). Four lung cancer patients
who underwent helical TomoTherapy were
randomly selected retrospectively. The general
information of these four patients is listed in
Table 1. Patient 4 had the original treatment
plan for 16 fractions followed by the second-
phase treatment plan for the remaining 9 frac-
tions. Daily MVCT scans were performed and
registered with the planning kVCT images to
correct the patient set-up and internal organ
motions. Evaluation of the delivered dose distri-
bution in each treatment fraction of the
TomoTherapy was performed by using the
Planned Adaptive software (TomoTherapy
Inc., Madison, WI).

Before the assessment of the delivered dose
distribution for each fraction, image registration
between the MVCT and kVCT was performed

Table 1. General information of four lung cancer patients

Patient
number Gender

Age
(y)

Fraction
number

Fraction
dose (cGy)

Has 2nd
phase

1 Male 92 30 200 No
2 Male 67 25 200 No
3 Female 77 20 250 No
4 Male 80 25 200 Yes
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using an automatic registration function in
Planned Adaptive. Woodford et al.5 suggested
that with the selection of full image fusion and
fine resolution will result in a low residual error
in most of the cases when modifying image
registration of MVCT and kVCT for lung can-
cer patients treated with helical TomoTherapy.

Concept of biologically effective

uniform dose (D)

The uniform dose that causes the same tumour
control probability or normal tissue complica-
tion rate as the actual dose distribution given
to the patient was evaluated using the biologic-

ally effective uniform dose, D (ref. 9,13). The

general definition of the D can be expressed as
the equation below:

P D
� �

¼ P D
!� �

; ð1Þ

where the D
!

denotes the three-dimensional
dose distribution.

The radiobiological model that was used to
describe the dose-response relation of tumours
and organs at risk was the linear-quadratic
Poisson model14,15:

PðDÞ ¼ exp �N0e
ðD=D50Þðeg�ln ln 2Þ

n o
¼ exp �eeg�and�bnd2

n o
;

ð2Þ
where the P(D) is the probability to control the
tumour or induce a certain injury to an organ
that is irradiated uniformly with a dose D. Since
this model takes into account the fractionation
effects that are introduced by the irradiation
schedule, d (equals to D/n) is the dose per frac-
tion and n is the number of fractions. D50 is the
dose which gives a response probability of 50%
and g is the maximum normalised value of the
dose-response gradient. Variables a and b are
the fractionation parameters of the model and
account for the early and late effects, respect-
ively. The dose-response parameters of the tar-
get and organs at risk used in this study are
listed in Table 2.

DB is the biologically effective uniform dose,
which is calculated based on the radiological
characteristics of the target and it is associated

with the clinical benefit. DI is the biologically

effective uniform dose, which is calculated
based on the radiological characteristics of nor-
mal tissues and it is associated with the radi-
ation-induced injury.9

Statistical methods for results

For four lung cancer patients, the physical doses
to the target and critical organs were evaluated
through the DVH at the prescription dose level
for all treatment plans. The physical dose distri-
butions were also calculated through the
Planned Adaptive software for every five treat-
ment fractions of the whole treatment course
to periodically monitor the delivered dose dis-
tributions and to compare the measured dose
distributions with the planned ones.7 Based on
the physical dose distributions, the DVHs and
the dose-response parameters of the target and
the critical organs of the treatment plans and

actual delivered fractions, the D, tumour con-
trol probability (PB), normal tissue injury rate
(PI) and complication-free tumour control
probability (Pþ) were determined for these
four lung cancer patients.9 Biological evalua-
tions also included the assessment of the optimal

D and Pþ for all the treatment plans to indicate
the ideal complication-free tumour control
probability. The optimal Pþ is the maximum
of the probability distribution calculated based

on the D (ref. 9). Additionally, the ratio of the
delivered and the planned physical dose, biolo-
gical doses and Pþ were calculated to show
the efficiency of the TomoTherapy delivery
physically and biologically.

Among these four patients, patient 4 had a
two-phase treatment. In the first-phase treat-
ment, because of the obvious tumour shrinkage

Table 2. Dose-response parameters used in biologically dosimetric
evaluation

D50 (Gy) g s a/b End point

Spinal
cord

57.0 6.70 1.00 3.0 Myelitis necrosis

Lungs 30.1 0.97 0.01 3.0 Severe radiation
pneumonitis, fibrosis

Target 49.2 1.00 — 10.0 Control

D50 is the 50% response dose, g is the maximum normalised value of the dose-
response gradient and s is the relative seriality, which characterises the volume
dependence of the organ.
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observed in the planning target volume through
the daily MVCT scans and the high cumulative
dose to the ipsilateral lung, the physician
decided to reduce the sizes of the irradiating
fields and prescribe a second-phase plan after
16 fractions of TomoTherapy. The second-
phase treatment of the patient 4 in this situation
could be deemed as adaptive TomoTherapy. In
order to get enough sampling points for the
two-phase TomoTherapy of patient 4, the
treatment plan and the actual delivered fractions
were sampled for every two to five fractions
instead of every five fractions.

RESULTS

Figure 1 demonstrates the ratio between the
delivered and the planned physical doses to the

target, that ratio calculated using the biologic-

ally effective uniform doses (DB) and the ratio
obtained by dividing the delivered to the
planned Pþ for these four patients. Tables 3�6

summarise the physical mean dose (D), DB,

DI, Pþ, PB and PI, which were calculated based
on the treatment plans and the corresponding
delivered fractions for patient 1 to patient 4.
These tables also indicate the optimum (in the
first column) of the biologically effective uni-
form dose and the complication-free tumour
control rate for the treatment plan of each
patient.

From Figure 1a, up to 9% under-dosage of
the target is observed from the ratio of the
delivered to the planned physical dose over a
total of 30 treatment fractions (range from

Figure 1. The ratios of the delivered to planned value in terms of physical dose, biological dose (D) and Pþ

Table 3. Summary of the radiobiological measures for the original treatment plan and delivered fractions of helical tomotherapy for patient 1

Optimum Plan 5fx 10fx 15fx 20fx 25fx 30fx

D (Gy) — 60.00 54.50 54.72 54.72 54.72 54.66 54.66
DB(Gy) 89.00 60.65 56.80 56.90 56.95 56.95 56.90 56.90
D1(Gy) 18.00 11.80 11.05 11.00 11.00 11.00 11.00 11.00
Pþ 0.922 0.711 0.639 0.641 0.641 0.641 0.641 0.641
PB 0.964 0.714 0.641 0.643 0.644 0.644 0.643 0.643
PI 0.042 0.004 0.003 0.003 0.003 0.003 0.003 0.003
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0.908 to 0.912). When evaluating the ratio

between the delivered DB divided by the

planned DB, which was derived with the con-
sideration of the biological characteristics of
the target,9,13 the biologically effective uniform
dose that was delivered to the target is lower up
to about 6%. These inferior ratios (range from

0.937 to 0.939) of DB over 30 fractions result
in up to 10% lower Pþ compared to the
planned Pþ throughout the treatment course
of patient 1. According to Table 3, the optimal

DB is 89.00 Gy and the optimal DI is 18.00 Gy,
resulting in a Pþ of 92.2%.

In Figure 1b, the results of patient 2 show
that the ratio of the delivered dose range from

0.969 to 0.970 in comparison with the planned

prescribed dose. This results in deviations in DB

from 0.978 to 0.981 over 25 treatment fractions
of this patient. As a result, up to 4% lower Pþ
compared to that of the treatment plan is
observed during the treatment course. Accord-

ing to Table 4, the optimal DB of the treatment
plan for patient 2 is 67.95 Gy and the optimal

DI is 21.25 Gy, resulting in a Pþ of 72.1%.

For patient 3, the ratios between the deliv-
ered and the planned dose to the target
range from 0.903 to 0.915 in 20 treatment frac-
tions, resulting in ratios between 0.928

and 0.937 of the delivered DB to the planned

DB as shown in Figure 1c. Furthermore,

Table 4. Summary of the radiobiological measures for the original treatment plan and delivered fractions of helical tomotherapy for patient 2

Optimum Plan 5fx 10fx 15fx 20fx 25fx

D (Gy) — 50.00 48.45 48.45 48.45 48.50 48.50
DB(Gy) 67.95 52.05 51.05 51.00 50.90 50.95 51.00
D1(Gy) 21.25 15.90 15.40 15.35 15.30 15.35 15.35
Pþ 0.721 0.542 0.523 0.522 0.520 0.521 0.522
PB 0.847 0.566 0.543 0.542 0.539 0.540 0.541
PI 0.125 0.024 0.020 0.019 0.019 0.019 0.019

Table 5. Summary of the radiobiological measures for the original treatment plan and delivered fractions of helical tomotherapy for patient 3

Optimum Plan 5fx 10fx 15fx 20fx

D (Gy) — 50.00 45.75 45.55 45.45 45.15
DB(Gy) 70.00 63.25 59.25 59.05 58.95 58.70
D1(Gy) 19.45 17.35 15.95 15.95 15.90 16.25
Pþ 0.799 0.771 0.730 0.726 0.725 0.716
PB 0.897 0.822 0.760 0.757 0.754 0.750
PI 0.098 0.051 0.030 0.030 0.030 0.034

Table 6. Summary of the radiobiological measures for the original treatment plan and delivered fractions of helical tomotherapy for patient 4

Phase 1 Phase 2

Optimum Plan 5fx 10fx 12fx 16fx Optimum Plan 20fx 25fx

D (Gy) — 50.00 47.65 47.65 47.75 48.60 — 50.00 48.60 48.60
DB(Gy) 62.00 51.30 50.40 50.15 50.35 50.45 74.00 50.55 50.00 49.95
D1(Gy) 24.25 20.25 20.00 19.95 20.00 20.05 20.75 13.95 13.90 13.85
Pþ 0.526 0.452 0.437 0.431 0.435 0.436 0.794 0.519 0.507 0.504
PB 0.766 0.549 0.527 0.521 0.525 0.528 0.904 0.530 0.517 0.515
PI 0.240 0.097 0.090 0.089 0.090 0.091 0.110 0.011 0.011 0.011

189

Evaluation on lung cancer patients’ adaptive planning of TomoTherapy utilising radiobiological measures and Planned Adaptive module

https://doi.org/10.1017/S1460396909990240 Published online by Cambridge University Press

https://doi.org/10.1017/S1460396909990240


according to Figure 1c, up to 7% lower Pþ is
observed at the end of 20th fraction for
patient 3. Table 5 demonstrates that the

optimal DB of the treatment plan for patient 3

is 70.00 Gy and the optimal DI is 19.45 Gy,
resulting in a Pþ of 79.9%.

Figure 1d shows the results of patient 4, who
had a second-phase treatment after the 16th of
30 treatment fractions. In the first-phase treat-
ment, the ratio of the physical dose range from
0.953 to 0.956, which results in the ratio of

the DB to vary from 0.978 to 0.983. As a result,
up to 4.5% lower Pþ was calculated in the first-
phase delivery of patient 4. In the second-phase
treatment, the ratio of the physical dose
increased to the values of 0.972 and the ratio

of the DB rose up to 0.989. Therefore, the ratio
of the Pþ grew up to 0.977 in the second-phase

delivery. In Table 6, the optimal DB of 62.00

Gy, the optimal DB of 24.25 Gy and the Pþ
of 52.6% for the first-phase treatment, and the

optimal DB of 74.00 Gy, the optimal DI of
20.75 Gy and the Pþ of 79.4% for the second-
phase treatment are listed.

Figure 2 shows the changes in terms of Pþ
within the first-phase and the second-phase
treatments and between the two treatment
phases of patient 4. The Pþ of the second-phase
treatment is significantly higher by about 13.2%
as compared to the average Pþ in the first-phase
treatment. On the other hand, the variation
among the treatment fractions in terms of Pþ
in the first-phase treatment is small. Also, there
was no considerable change in Pþ within the
second-phase treatment. The substantial
increased Pþ in the second-phase TomoTher-
apy in comparison with the first-phase treat-
ment indicates the clinical benefits of adaptive
TomoTherapy for this lung patient.

DISCUSSION

Helical TomoTherapy of four lung cancer
patients has been evaluated comprehensively us-
ing the Planned Adaptive software as well as the
biologically effective uniform dose. In addition
to the dosimetric evaluation, which is based
on DVH and dose statistics (e.g. mean dose)
obtained from the Planned Adaptive module,

D calculation was also employed to quantify

Figure 2. Variations of the Pþ in the first-phase and the second-phase treatment fractions. The subplots below the curves of the Pþ
for these two phases showed the Pþ calculated based on the DB of the fractions (5th, 10th, 12th, 16th, 20th and 25th fractions)

indicated in this figure.
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dose differences in terms of changes in the
expected clinical outcome.16 Quantification of
the variation in tumour control probability
and normal tissue complication rate for the
delivered fractions would be more useful in
adaptive planning during radiation therapy.
The results in Figure 1 show the ratio of the
delivered to the planned dose distributions in
terms of the physical dose, the biological dose
and the Pþ. Over the whole course of treatment
using TomoTherapy, the Pþ ratio curves
revealed equal or more pronounced changes in
comparison with the physical dose ratio curves
for these four lung cancer patients. From Figure
1a,c, the clinical effect of different doses per
fraction could be assessed by comparing results
of patient 1 and patient 3. In Figure 1a,c, both
curves of the physical dose ratios for patient 1
and patient 3, respectively, varied within a
very similar range (in Figure 1a: 0.908�0.912;
in Figure 1c: 0.903�0.915), indicating no signi-
ficant difference (p ¼ 0.5950). On the other
hand, the Pþ ratios of patient 3, who had a lar-
ger dose-per-fraction, were significantly higher
(p ¼ 0.0019) than those of patient 1. The
greater biological impact of the larger dose-
per-fraction could be found17,18 by using the
Pþ evaluation, which was calculated with con-
sideration of the dose-response parameters of
the targets and organs at risk.

From the results in Figure 1 and Tables 3�6,
the estimated doses delivered to the targets of
the four lung cancer patients were different in
trend. The same holds for the biologically effect-
ive uniform dose and complication-free tumour
control rate over the whole course of treatment.
Also, previous reports have proven that it is dif-
ficult to predict the volume changes in the target
and treatment results based on the patient, treat-
ment schedule or tumour characteristic.4,6

Therefore, the individual evaluation of the dosi-
metric and clinical effects for each lung cancer
patient treated with TomoTherapy using D
plus Pþ is necessary. Figure 1a shows the flat
trends in the three curves of physical dose, biolo-
gical dose and Pþ ratios after the 10th fraction (i.
e., the 2nd week) of TomoTherapy for patient 1.
The consistent suboptimal ratios over the whole
treatment interval when compared to the treat-
ment plan indicate the lack and, thus, the neces-

sity of adaptive planning. The re-optimization of
adaptive planning usually results in an improved
tumour control probability combined with a
limited normal tissue complication rate.3 From
the results of patient 2 in Figure 1b, it is shown
that the decreasing trend of the Pþ ratios for
the first 15 fractions contributed to the lowest
complication-free tumour control rate observed
at 15th fraction. The dosimetric evaluation of
the Planned Adaptive software and the assess-
ment of the clinical effects using the D and the
Pþ identify the dose deviations and, as a result,
the lower Pþ. With this information in the mid-
dle of the treatment, the physician could re-
check the target contour, and the medical physi-
cist could investigate the accuracy of dose deliv-
ery and the necessity of planning adaptation. For
patient 3, the continuously decreasing ratios of
the physical dose, the biological dose and the
Pþ between delivered and planned dose distribu-
tions showed the suboptimal dose delivering of
the treatment plan (cf. Figure 1c). With surveil-
lance of physical doses and biological doses dur-
ing TomoTherapy, the under-dosage of the
target, resulting in lower tumour control, should
be identified and corrected in time.

The results of patient 4 show the poten-
tial benefit of adaptive TomoTherapy as it
is denoted by the significantly increased
complication-free tumour control rate, result-
ing from the notably decreased normal tissue
complication possibility. After the first-phase
TomoTherapy (16 fractions), the physician
decided to have a second-phase plan because of
the considerably reduced tumour volume
observed from the daily MVCTs and the high
dose to the ipsilateral lung. From Figure 1d and
Table 6, the Pþ ratios of the second-phase treat-
ment (from 17th fraction to the end) increased
by 1.2% as compared to the Pþ ratios of the
first-phase treatment. When comparing the Pþ
of the two treatment phases, Pþ of the second-
phase TomoTherapy increased by 13.2% to the
Pþ of the first-phase TomoTherapy. The reason
for this significant increase in Pþ was mainly due
to the notably lower PI (8.6%) of the treat-
ment plan in the second-phase treatment. The
results of patient 4 with adaptive TomoTherapy
are in line with the findings of Woodford et al.4

Woodford et al.4 suggested that adaptive planning
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can yield significant improvements in cumulative
doses to organs at risk if the gross tumour volume
decreases considerably. More evaluations are
required on the need for adaptive planning espe-
cially for the cases in which the organs at risk
impose significant dose limitation.4 In compar-
ison to previous reports,4,6 our results not
only show the changes in tumour volume with
respect to the dosimetric effects when using the
Planned Adaptive software, but it also demon-
strate the increased tumour control rate and,
thus, the escalating clinical effectiveness of the
adaptive planning during the treatment course

of TomoTherapy by using the D. Several studies
have suggested the benefits of adaptive
TomoTherapy by using the Planned Adaptive
software to monitor the tumour volume changes
and the margins around the tumour during the
course of treatment.4,8,19 In this study, the use of

the D leads to a closer association of the
DVH and dose statistics with tumour control
or normal tissue injury. With more informa-
tion concerning the clinical impact of the
delivered treatment, it would be possible to
obtain a plan that is better tailored to the
individual patient. For an adaptive schedule
to be clinically feasible with respect to the
clinical workload, the physicians could adjust
the plan and the target coverage based on
the predicted changes in complication-free
tumour control rate at certain fractions.
Therefore, the time and resources spent in
re-planning would be justified by the increas-
ing tumour control rate and/or decreasing
normal tissue complication possibility.

Another advantage of the D evaluation for
the treatment plans and delivered fractions is
the reports of the optimal Pþ calculated from
the optimal compensation between the PB and
PI indices. With the data of the optimal pre-
scription level based on the tumour control
probability and the normal tissue injury rate, it
would be easier to pick up the optimal treat-
ment plans before the treatment and to monitor
the difference in the Pþ between the actual
delivered dose and the optimal amount. It is
also important to assess the available therapeutic
window in terms of tumour control and normal
tissue injury probabilities when considering

about the necessity of using the adaptive plan-
ning. From the results in Tables 3�6, compar-
ing the optimum in the first columns to the
rest of the columns, large gaps can be observed

in the D and the Pþ between the optimal situa-
tions and the treatment plans for all four lung
cancer patients. Even larger differences in the

D and the Pþ were found between the opti-
mums and the actually delivered radiation.
With the pre-knowledge of the optimal level

of the D and the Pþ, adaptive planning should
be performed to maximise the tumour control
probability for a clinically acceptable normal tis-
sue complication rate.3,9

The under-dosage of the target evaluated by
using the Planned Adaptive software was as
large as over 9% in both patient 1 and patient
3. Possible reasons for the notable dose devia-
tions evaluated by the Planned Adaptive soft-
ware are set-up error, organ motion and errors
due to the image registration. Han et al.7

assessed the actual dose variation to the target
and the critical organs of patients treated with
TomoTherapy using the Planned Adaptive
module. They concluded that with the daily
set-up corrections using the MVCT image
registration, the variation in the dose could be
as large as 7.7% around the average dose. In
our study, in order to minimise the errors gen-
erated during the image registrations that were
done right before the treatment, automatic
image registrations were performed again for
each treatment fraction of each lung cancer
patient. Woodford et al.5 suggested the optimal
way of the MVCT registration setting for thor-
acic cases on helical TomoTherapy. Our study
adopted their MVCT registration setting, regis-
tering the MVCT with the kVCT using either
coarse or fine spacing with full image fusion
technique and fine resolution selection.
According to the conclusion of Woodford et
al.,5 the residual errors with the applied
MVCT registration setting would be small
with negligible influence on the dose calcula-
tion. Deformable registration was not used in
this study, but could be a valuable extension.
With the deformable image registration, more
accurate assignment of doses to all structures
could be defined with more reliable DVHs.
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The biggest advantage it could endow is the
ability to create adapted plans that compensate
for under-dosage or over-dosage of the target
or critical organs.4 In this study, the actual
adaptive plans for these lung cancer patients
were not delivered. The closest one is the sec-
ond-phase plan in the second-phase treatment
of patient 4. The main purpose of this study is

to evaluate the feasibility of using the D calcula-
tion in addition to the Planned Adaptive soft-
ware to predict the clinical effect of helical
TomoTherapy for these lung cancer patients.
Also, our study tends to demonstrate the poten-
tial clinical benefits of adaptive planning like the

second-phase plan of patient 4 through the D
assessment. The actual protocol of doing adapt-
ive planning using the Planned Adaptive soft-
ware is out of the scope of this paper.

Another possible source of errors in the dose
estimation using the Planned Adaptive software
might be attributed to the merged CT image.
Planned Adaptive software merged the MVCT
and the kVCT images after image registration.
This merged MVCT-kVCT image has the
same slice spacing as the kVCT images and is
created by inserting the registered MVCT in
the proper location and filling the remaining
slices with the kVCT (TomoTherapy Inc.,
Planned Adaptive Guide). For the dose calcula-
tion in the Planned Adaptive software, both
kVCT and MVCT CT numbers would be con-
verted to electron densities by using the CT
number to electron density calibration curves,
respectively. Although the uniformity and spa-
tial resolutions of the MVCT images are com-
parable to that of the diagnostic CT images,
the MVCT unit does not have the same per-
formance characteristics as those of the dia-
gnostic kVCT scanner. Investigations have
been done on the stability of the CT number
to electron density calibration curve for both
MVCT and kVCT units.20,21 Langen et al.21

concluded that although the variation in the
MVCT number is larger than that of the
kVCT image, the resulting electron density dif-
ference and, thus, the dose deviation after con-
verting electron density to dose are similar in
magnitude for a 6 MV beam. Therefore, the
possible dosimetric errors in the merged

MVCT-kVCT images generated by the
Planned Adaptive software should be within
2�3% (ref. 20,21).

CONCLUSION

The dosimetric impact and the clinical effect of
the adaptive TomoTherapy have been evalu-
ated using the Planned Adaptive software plus

the D. The knowledge of the tumour control
and normal tissue injury over the partial or
whole course of helical TomoTherapy would
help the physician evaluate the necessity of
adaptive planning. Based on our results for
lung cancer patients treated with helical
TomoTherapy, it is necessary to have the indi-

vidual assessment with the D in addition to
the physical dose evaluated by the Planned
Adaptive software. In contrast to the physical
dose assessment, the better biological effect of
the use of larger dose-per-fraction can only be

observed in the increase of Pþ using the D
evaluation. Moreover, significant increase in
the Pþ by 13.2% in the adaptive TomoTherapy
plan in one of the lung cancer patients indicates
the clinical benefit of the adaptive planning. In
conclusion, the protocol of periodical evolution

of the delivered dose using the D may be set to
achieve the end points of higher tumour control
probability and/or lower normal tissue com-
plication probability upon the adaptive radi-
ation therapy.
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ments on ‘Reconsidering the definition of a dose-volume

histogram’ � dose-mass histogram (DMH) versus dose-

volume histogram (DVH) for predicting radiation-

induced pneumonitis. Phys Med Biol 2006; 51:L43�L50.

11. Mavroidis P, Ferreira BC, Shi C, Lind BK, Papanikolaou

N. Treatment plan comparison between helical tomother-

apy and MLC-based IMRT using radiobiological mea-

sures. Phys Med Biol 2007; 52:3817�3836.

12. Su FC, Mavroidis P, Swanson G et al. Treatment planning

for prostate cancer: Biologically quantitative comparisons

among conventional radiotherapy and three IMRT deliv-

ery techniques. Boston, MA: ASTRO 50th annual meet-

ing, 2008.

13. Mavroidis P, Lind BK, Van Dijk J, Koedooder K, De

Neve W, De Wagter C, Planskoy B, Rosenwald JC,

Proimos B, Kappas C, Claudia D, Benassi M, Chierego

G, Brahme A. Comparison of conformal radiation therapy

techniques within the dynamic radiotherapy project

‘Dynarad’. Phys Med Biol 2000; 45:2459�2481.

14. Källman P, Agren A, Brahme A. Tumour and normal tis-

sue responses to fractionated non-uniform dose delivery.

Int J Radiat Biol 1992; 62:249�262.
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