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ABSTRACT

Aim: A dosimetric study comparing intensity modulated radiotherapy (IMRT) by TomoTher-
apy to conformational 3D radiotherapy (3D-RT) in patients with superior sulcus non-small
cell lung cancer (NSCLC).

Background: IMRT became the main technique in modern radiotherapy. However it was not
currently used for lung cancers. Because of the need to increase the dose to control lung
cancers but because of the critical organs surrounding the tumors, the gains obtainable with
IMRT is not still demonstrated.

Material and methods: A dosimetric comparison of the planned target and organs at risk
parameters between IMRT and 3D-RT in eight patients who received preoperative or curative
intent irradiation.

Results: In the patients who received at least 66 Gy, the mean V95% was significantly better
with IMRT than 3D-RT (p =0.043). IMRT delivered a lower D2% compared to 3D-RT (p = 0.043).
The IH was significantly better with IMRT (p=0.043). The lung Vs¢cy and Vi3gy were signifi-
cantly higher in IMRT than 3D-RT (p =0.043), while the maximal dose (Dmax) to the spinal cord
was significantly lower in IMRT (p =0.043). The brachial plexus Dmax Was significantly lower
in IMRT than 3D-RT (p=0.048). For patients treated with 46 Gy, no significant differences
were found.
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Conclusion: Our study showed that IMRT is relevant for SS-NSCLC. In patients treated with a
curative dose, it led to a reduction of the exposure of critical organs, allowing a better dose
distribution in the tumor. For the patients treated with a preoperative schedule, our results

provide a basis for future controlled trials to improve the histological complete response by
increasing the radiation dose.
© 2016 Greater Poland Cancer Centre. Published by Elsevier Sp. z o.o. All rights reserved.

1. Background

Superior sulcus non-small cell lung cancer (SS-NSCLC) is a rare
tumor, representing less than 5% of all NSCLC. By definition,
these tumors invade the thoracic wall and are close to, abut or
infiltrate the spinal cord, the brachial plexus and/or the esoph-
agus. The tumor size, the respiratory motion in the irradiation
fraction and the dose-constraints to reach a curative tumor
dose are all limiting factors that prevent the delivery of safe
and optimal irradiation with a radiation therapy conformal
3D (3D-RT) technique. Intensity modulated radiation therapy
(IMRT) allows a homogeneous, high dose gradient to be deliv-
ered for cases of advanced NSCLC, leading to a better target
volume coverage and a higher shielding of the surrounding
critical organs.'™

To improve the local and regional control rates, many cen-
ters have initiated dose escalation trials in stage III NSCLC
patients to observe the feasibility and safety constraints of
concurrent chemoradiotherapy at higher doses. Most con-
cluded that 74Gy was a tolerable dose in well-controlled
setups of 3D-RT.° From a study including 106 NSCLC patients
at the University of Michigan, Kong et al. reasoned that each
1Gy increase in the dose administered improved the five-year
local control rate by 1.25% and decreased the death risk by 3%.”
This suggested that higher radiation doses were associated
with better outcomes. However, in the RTOG 0617 trial, 74 Gy
given in 2 Gy fractions with concurrent chemotherapy was not
better than 60 Gy plus concurrent chemotherapy for patients
with stage III non-small-cell lung cancer, and was considered
to be potentially harmful.’® The use of 3D-RT could be one of
the reasons for the failure of this increased dose. In the case
of SS-NSCLC, an increased dose could be relevant if it leads to
increase the operability for otherwise inoperable patients or
for those with pTO tumors which should improve the patients
outcomes.!!

Because of the conformality, of its dramatic dose-gradient,
IMRT requires a very precise set-up of the patient and strict
control of the treated targets. Image-guided radiotherapy
(IGRT) is the most secure system available that meets all of
the required security controls. Tomotherapy combines IMRT
and IGRT."?

2. Aim

IMRT is still not considered a reference treatment for SS-
NSCLC. In the current study, we analyzed the dosimetric
parameters by comparing Tomotherapy and 3D-RT in SS-
NSCLC treated preoperatively or with curative intent.

3. Material and methods

Between January 2007 and January 2010, eight patients with
a median age of 54.3 years (43-75) were treated with IMRT
with TomoTherapy HiArt® device (Accuray Incorporated, Sun-
nyvale, CA). There were seven adenocarcinomas and one
squamous cell carcinoma. The tumors were classified as IIB,
IIIA, IIIB and IV stages in one, two, one and four patients,
respectively. Six patients received chemoradiation alone, one
received radiation alone and the last one received preoperative
chemoradiation. The chemotherapy comprised a combination
of cisplatin and vinorelbine.

3.1. Simulation

All patients underwent CT simulation using a General Electric
(GE) light-speed scanner (General Electric, Milwaukee, WI) in
the supine position. Injected and non-injected CT scans were
both obtained. All but two patients underwent free-breath CT
scans and the other two underwent a three-sequences CT scan
(deep inspiration/expiration and free breath-hold). The slices
depths were 2.5-3.75mm."* 8Fluoro Desoxy-Glucose PET-CT
for delineation was performed in seven patients.

3.2.  Target-volumes definition

The delineation of the target volumes was performed using
the Focal software program (Elekta AB, Stockholm, Sweden).
The gross tumor volume (GTViumor) Was the tumor volume
in the free-breath simulation CT scan or the combination
of the three volumes in the three sequences simulation CT-
scan (equivalent to an internal target volume). PET-CT images
were matched with the simulation CT scan. The biological
tumor volume represented 40% of the maximal standard unit
value (SUVpax). All nodes <10mm or >20mm and 8Fluoro
Desoxy-Glucose avid, and all 10-19mm nodes (avid or not)
were considered to be metastatic and were included in a
GTVnodfr14

The clinical target volume for the tumor (CTViumor) Was
the GTVimor plus a margin of 6 or 8mm according to
Giraud et al.™ and was corrected to the relevant anatom-
ical border. The CTV for adenopathies (CTV,genopathies) Was
the area where adenopathies developed and were delineated
according to the report by Chapet et al.'® No prophylactic
node volume was defined.'” The planning target volume for
the tumor and nodes (PTViymor+adenopathies) Was obtained by
adding an isotropic 2mm margin to the CTV (tymorsnode) €qual
to (CTVtumor + CTVadenopathies) When a three-sequences CT-
scan was used, and 10mm cranio-caudal and 5mm axial
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margins for the eight other patients. The delineated organs at
risk were the spinal cord, lungs, heart, esophagus and brachial
plexus. No PRV was contoured.

3.3. Treatment plan and dosimetric parameters

The dose distribution was calculated with the Xio software
program (Elekta AB, Stockholm, Sweden) and the TomoTher-
apy software program (Accuray Incorporated, Sunnyvale, CA).
A comparison of the dose distribution was conducted using
the Artiview software program (AQUILAB, Loos, France).

The total delivered dose was 70 Gy, 66 Gy and 46 Gy in one,
three and four patients, respectively. The dose per fraction was
always 2 Gy. Five weekly fractions were administered up to
the completion of irradiation. According to the International
Commission on Radiation Units and Measurements (ICRU) 50
and 62, the planning treatment delivered at least 95% of the
prescribed dose in 95% of the PTV. To follow ICRU 83,8 for
each plan, the median dose (D50%), Dyear maximum (D2%) and
Dnear maximum (D98%) were evaluated.

For each treatment planning, the following values were cal-
culated:

- The conformal index (CI) defined as the ratio of the pre-
scribed isodose volume and the PTV (ideal equal to 1).1%%°

- The homogeneity index (HI) defined as the ratio of
(D2%-D98%)/D50% (ideal equal to 0).?!

- The coverage index (COI) defined as the ratio of the
Dpear minimum a@nd the reference D (ideal equal to 1).1822

The lungs volume minus the PTV, Vsgy, Vi3gy, V2ogy, and
V30Gy, Were restricted to 60%, 40%, 30% and 20%, respectively.?>
The lungs volume minus the PTV mean dose had to be <20 Gy.
The heart V35 gy was restricted to 35%.4 Spinal cord maximum
dose was limited to 45 Gy, and the brachial plexus maximum
dose was limited to 60 Gy.?> The esophageal Vs cy Was limited
to 35%.%°

The 3D-RT field’s geometry used between two and
four coplanar 6-25MV X-photon beams. Concerning the

Tomotherapy beam planning, for each plan the treatmentslice
width, pitch and modulation factor were 2.5 cm, 0.287 and 2.5,
respectively. A MV-CT imaging was performed before treat-
ment for IGRT control, acquisition, fusion and correction of
positioning

3.4. Statistics

The dosimetric parameters of each patient were compared
with the non-parametric equivalent in a paired t-test for
matched observations (Wilcoxon test). The threshold for sta-
tistical significance was p<0.05. All statistical analyses were
performed using the IBM SPSS Statistics v20 software program
(IBM Inc., Armonk, NY, USA).

4, Results

The mean GTViumor, CTVtumor @nd PTV(tumor+adenopathies) Were
155mL (18-802), 267 mL (64-1130) and 391mlL (99-1489),
respectively. Only one patient presented with metastatic
lymph nodes, and CTVagenopathies Was 67.7 mL.

4.1. Dose distribution

4.1.1. Target volumes

Concerning the patients who received at least 66 Gy (Table 1),
the V95% was significantly higher with IMRT than with
3D-RT, (94.7% [91.3-99.7%] and 86.2% [72.8-97.1%]), respec-
tively (p=0.043; Figs. 1 and 2). One patient reached the
constraint with IMRT compared to none with 3D-RT. The D2%
was significantly lower with IMRT than with 3D-RT (102.4%
[100.1-104.9%] vs. 105.6% [104.2-106.7%]; p =0.043). The D98%
and D50% were not significantly different between the two
techniques. The HI was significantly better with IMRT com-
pared to 3D-RT (0.24 [0.06-0.33] vs. 0.35 [0.26-0.44]); p =0.043).
The CI was 1.2 for IMRT and 1.7 for 3D-RT, but this difference
was not significant (p =0.225). There were no differences in the
COL

Table 1 - Dose distribution in the target-volumes.

Patient Total V95% D98% D50% D2% CI HI COI
dose
3D-RT IMRT 3D-RT IMRT 3D-RT IMRT 3D-RT IMRT 3D-RT IMRT 3D-RT IMRT 3D-RT IMRT

1 46 Gy 55.5 86.9 50.8 22.9 96.8 99.9 104.1 1024 118 1.54 0.84 0.51 0.24 0.53
2 46 Gy 98.5 97.9 96.1 94.8 103.2  99.9 106.4 103.7 1.73 1.07 0.09 0.08 1 0.99
3 46 Gy 96.0 90.3 89.7 53.2 100.2  99.96 100.25 105.2 1.52 1.1 0.16 0.5 0.94 0.56
Mean 83.3 91.7 69.6 66.3 100.1  99.9 105.4 103.8 14 1.2 0.36 0.37 0.65 0.69
Median 95.9 90.3 89.7 53.2 100.3 99.9 105.8 103.7 15 1.1 0.16 0.5 0.94 0.56
p-value NS NS NS NS NS NS NS

4 66 Gy 86.2 94.7 71.1 73.8 102.6 100 101.9 1059 1.96 1.1 0.34 0.28 0.75 0.78
5 70Gy 89.5 92.5 74.4 70.4 100.3 99.9 101.8 106.7 2.9 1.1 0.32 0.32 0.78 0.74
6 66 Gy 72.8 91.3 64.2 69.2 100.6 100.6 102.4 1042 14 1.2 0.39 0.33 0.68 0.73
7 66 Gy 94.1 99.7 79.4 99.3 104.3 102.2 104.9 1064 1.8 1.5 0.26 0.06 0.83 1.05
8 66 Gy 80.6 94.9 62.5 81.0 99.8 M99.9 100.1 106.1 14 1.2 0.44 0.19 0.66 0.85
Mean 84.7 94.6 70.2 78.7 101.5 100.5 105.9 1024 1.7 12 0.35 0.24 0.92 0.82
Median 86.2 94.7 71.1 73.8 100.6 100 106.2 1019 1.8 1.2 0.34 0.28 1 0.78
p-value 0.043 NS NS 0.043 NS 0.043 NS

CI, conformal index; HI, homogeneity index; COI, coverage index; NS, non significant.
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Fig. 1 - Treatment planning 3D-RT (A) and IMRT (B). Blue:
GTV T, yellow: CTV T, red: PTV T; orange: spinal cord; light
blue: brachial plexus.

For patients treated with 46 Gy, no significant differences
were observed between the groups.

4.1.2. Lungs minus PTV

For patients treated with up to 70 Gy (Table 2 and Fig. 2), the
Vsgy and Vi3gy were significantly increased with IMRT com-
pared to 3D-RT (20% vs. 11.9%; p=0.043) and (12.2% vs. 8.3%,
p=0.043), respectively. The mean dose, Vyocy and Vzogy were
not significantly different between the groups.

For patients treated with 46 Gy, none of the parameters
were significantly different.

4.1.3. Spinal cord
For patients treated with up to 70 Gy, the Dimax Was significantly
lower with IMRT compared to the dose delivered with 3D-RT
(31.6 Gy vs. 45.5 Gy (p=0.043; Table 2).

For patients treated with 46 Gy, there were no significant
differences observed.

4.1.4. Brachial plexus

For the patients treated with up to 70 Gy irradiation, the Dmax

was significantly lower with IMRT compared to the dose deliv-

ered with 3D-RT (64.9 vs. 70.1 Gy (p=0.043); Table 2 and Fig. 2).
There were no significant differences between the groups

for the patients treated with 46 Gy irradiation.

4.1.5. Esophagus and Heart
There were no significant differences in any of the parameters
or doses in the esophagus or heart (Table 2).

5. Discussion

SS-NSCLC treatment combines chemotherapy and/or radia-
tion following by a surgery. The dose of irradiation is classically
46 Gy in 26 daily fractions. For lesions considered to be inop-
erable because of invasion of the bone or the spinal canal,
chemoradiation is recommended, and the radiation dose is
increased up to 66 Gy.””-?® Because the development of this
cancer occurs close to critical organs, the coverage of the
volume with RT-3D over a dose of 46 Gy remains always chal-
lenging.

Murshed et al. reported a series of 41 patients with an inop-
erable stage IIIA-IV stage NSCLC irradiated up to a dose of
66 Gy in 33 fractions of 2 Gy delivered either by 3D-RT or IMRT.
They found that IMRT delivered a more conformal dose dis-
tribution than 3D-RT, with a significant improvement of the
median CI and HI, at 1.41 vs. 1.54 (p=0.004) and 1.16 vs. 1.12,

Histogramme Dose Volume

voume

Fig. 2 - Dose-volume histogram (total dose 66 Gy). 3D-RT (dashed line) and IMRT (continuous line). Blue: lungs minus PTV;

pink: spinal cord; red: PTV; white: brachial plexus.
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Table 2 - Organs a risk parameters comparison.

Parameters/dose (Gy) 3D-RT IMRT p-value
Median Mean Median Mean
Dmax (GY) 45.66 45.94 40.9 47.3 NS
Dmmin (Gy) 0.003 0 0.037 0.12 NS
Lungs minus PTV Dmeano(Gy) 0.98 3.03 2.043 3.27 NS
16Gy Vscy (%) 3.1 9.7 9.1 14.2 NS
Visgy (%) 2.0 7.1 44 6.8 NS
Vaoay (%) 16 5.8 2.9 43 NS
Vaogy (%) 1.0 46 1.9 26 NS
Dimax (Gy) 69.4 70 68.6 68.4 NS
Dumin (GY) 0 0.02 0.1 1.1 NS
Lungs minus PTV T — a(Gy) 3 42 3.4 438 NS
66 Gy Vsay (%) 11.4 11.9 13.5 20 0.043
Visay (%) 7.5 8.6 8.3 12.2 0.043
Vaogy (%) 4.6 7 5.2 7.9 NS
Vaoay (%) 3.2 5.4 3 4.1 NS
Drmax (GY) 46.9 37.5 49.1 49.8 NS
Dimin (GY) 0.1 0.3 0.65 0.63 NS
D (Gy) 16.1 15.7 18.8 19.5 NS
Esoph 146G mean
sophagus 5Ly Vaoay (%) 37.1 346 475 496 NS
Visay (%) 6.3 9.1 7.3 9.1 NS
Vsogy (%) 0 0.1 0 22 NS
Drmax (Gy) 68.9 67 68.5 67.3 NS
Dmmin (GY) 0 5.25 0.3 7.1 0.043
Esophagus 66 Gy Dimean (GY) 16.1 27 13.9 26.1 NS
Vaoay (%) 28.1 49.5 26.3 27.8 NS
Visay (%) 22.1 36.7 16 28.9 NS
Vsoay (%) 20.7 316 14 24.4 NS
Dlsvess (G 32.2 30.4 40.7 32.8 NS
Spinal Cord 46 Gy Duin (GY) 0.08 0.06 0.42 0.4 NS
Do (G5) 10.1 11.7 11.2 10.1 NS
Dmax (GY) 44.8 455 31.1 31.6 0.043
Spinal Cord 66 Gy Dpmin (Gy) 0 0.86 0.07 0.2 NS
Dmean (GY) 8 15.6 7.28 9 NS
Dmax (GY) 1 14 0.3 8.6 NS
Heart 46 Gy Drmin (GY) 0 0.01 0.04 0.16 NS
Dmean (GY) 0.36 0.5 0.15 1 NS
Vssay (%) 0 0 0 0 NS
Drmax (Gy) 0.16 0.31 0.17 0.48 NS
Heart 66 Gy Dmmin (GY) 0 0 0.1 0.1 NS
Dmean (GY) 0.02 0.04 0.27 0.25 NS
Vasay (%) 0 0 0 0 NS
Dimax (Gy) 47.6 41.6 46.5 429 NS
Brachial Plexus 46 Gy Dpin (GY) 0.22 0.83 8.2 11.2 NS
Dmean (GY) 20.9 20.1 25.1 24.6 NS
Dmax (GY) 70.1 70.6 68.8 64.9 0.043
Brachial Plexus 66 Gy Din (GY) 0.26 1.5 1.6 14 NS
Dmean (GY) 36.8 36.1 37.9 36.1 NS

Dmin, minimum dose; Dmax, maximum dose; NS, non significant.

(p=0.0004), respectively.?’ Cattaneo et al. compared helical
tomotherapy IMRT to 3D-RT for 13 patients with inoperable
NSLC, with doses ranging between 61 and 70 Gy. IMRT signif-
icantly increased the PTV Vgsy, from 92% with 3D-RT to 97%
with IMRT (p<0.002).%° In the current study, for the patients
who received a dose >66 Gy, we showed that the V95% and
HI were significantly improved for IMRT compared to 3D-RT.
With regard to the CI, even if the difference was not signif-
icant, the values demonstrated a high level of conformality

that can be reached with IMRT. However, the expected V95%
constraint (i.e., >95% of the prescribed dose) was reached for
only one patient who received IMRT. This result is likely to be
attributable to the proximity of the spinal cord, the same rea-
son for which the patients had been considered as inoperable.
The limit of the dose into the tumor was the dose constraint
in the spinal cord. The mean and the median maximum doses
were close to the required threshold of 45Gy. However, we
were able to deliver 33 or 35 fractions that led to less than
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1.8 or 2Gy per fraction being given to the spinal cord; thus,
the radiobiologically equivalent dose that reached the spinal
cord was probably less than 45 Gy.

For patients with localized non-operable tumors (stage IIIA
with N2 or IIIB), the reference treatment remains chemoradio-
therapy. The total dose delivered to the tumor is a prognostic
factor for local control and overall survival®' Vijayakumar
et al. showed that a local control rate of 50% can be achieved
if a dose of 53 Gy is delivered to the tumor, but this rate can
reach 90% if a dose of 80 Gy is delivered.>” Currently, the rec-
ommended dose is 66 Gy in 33 fractions of 2Gy. Bari et al.
prospectively evaluated, 14 patients treated with chemoradio-
therapy with a median radiation dose of 72 Gy (64-74) in 2 Gy
fractions.?” The median OS was 20 months. Two patients ini-
tially considered to be inoperable, presented a partial response
and were surgically treated. The pathological evaluation did
not find any tumor. No complications were reported. An
increase in the dose administered for all of the inoperable or
limited operability patients may be possible using IMRT or pro-
ton therapy.>® Our results showed that the dose constraints
were not reached for almost critical organs; therefore dose
escalation remains a relevant aim. The use of a PET scanner as
a surrogate for a pathological response could also be relevant
to personalize dose increase.?*3°

In the patients who received 46 Gy in a preoperative sched-
ule, there were no differences between IMRT and 3D-RT in
terms of dose distribution. IMRT could thus be concluded to be
non-superior to 3D-RT. However, if one considers that a histo-
logical complete response (pCR) can be a surrogate for overall
survival, this may not be the case. In several studies, the pCR
rate ranged between 16 and 36%.1%%3537 In a previous publi-
cation, we showed that the overall survival was correlated to
the pCR.!! Previous studies have shown that the rate can be
improved up to 40-47% by increasing the radiation dose.?%3°
However, the benefit of this dose escalation remains to be
clearly proven by controlled studies.

In terms of critical organs, the doses reached in the dif-
ferent series have been variable. In the series reported by
Murshed et al,, the median Vipgy and Vaogy, and mean dose
in the lungs were significantly improved with IMRT.?° In the
series reported by Cattaneo et al. the median Vyogy and Vzogy
were also significantly improved in patients irradiated with
IMRT.?° We did not conclude that the two approaches had
equivalent results because we showed that lower doses were
significantly decreased with IMRT. Some have argued that
these low doses are associated with a higher risk of caus-
ingradio-induced pneumopathy in IMRT-treated patients than
higher doses.*° However, the differences between the results
of the current series and the previously published articles
are probably related to the location of the tumors because
SS-NSCLC has less neighboring lung parenchyma. However,
the high level of Vsgy retrieved in both series with 3D-RT is
surprising and may explain the absence of a significant differ-
ence compared with IMRT, and may be related on the number
of 3D-RT beams used.??3° In these series, the differences in
the results for the esophagus and heart were also related
to the same explanation, i.e., the proximity of the tumor to
the organs at risk affecting the findings. It was expected that
the doses were more important in 3D-RT than in the IMRT
calculation.?20 In the current series, the distance of the tumor

from the heart explains the low doses observed. More critical
for SS-NSCLC is the brachial plexus, which is often included
in the PTV (Figs. 1 and 2), and its maximum tolerated dose
was close to the prescribed dose and ranged between 60 and
66 Gy in previous studies.*"*? Even if we obtained a lower dose
with IMRT, the risk is not low, especially for the long-term out-
come of these patients with SS-NSCLC.'?83643 However, after
a median follow-up of 9.8 months (3.1-26.3), no patients in
the current series developed radiation-induced plexitis and
this complication has been rarely reported in the treatment of
SS-NSCLC. For the patients treated with 46 Gy, the dose dis-
tributions in the critical organs were favorable for the IMRT
technique. Therefore, even if the difference between IMRT and
3D-RT was not significant, it is noteworthy that the difference,
in terms of the maximum dose for the most critical organ,
(i.e., spinal cord) was 8 Gy. This discrepancy could be used to
increase the dose given to the tumors. Moreover, if the dose
escalation in the tumor is not considered a relevant goal, this
shielding of the critical organs can be deemed useful for the
outcome of the patient because the risk of metastatic disease,
which can appear in previously irradiated bone. Furthermore,
dose reduction in other areas of the body is more rationally
based on the ALARA (as low as reasonably achievable) principle.

Two more points could be disputable regarding the use of
IMRT. First, the treatment duration of tomotherapy is longer
than that with 3D-RT. The motion of the tumor during irradi-
ation can affect the outcome. However, Giraud et al. analyzed
the tumor position during respiratory cycle in ten different
NSCLC patients and showed that for patients with SS-NSCLC,
the median proximal-distal motion was 7 mm, and this was
nearly zero in the other directions.** Thus, tomotherapy IMRT
does not seem to be problematic for SS-NSCLC. The second
point is more concerning because of the increase in the num-
ber of beams required to deliver the highly conformal dose,
tomotherapy IMRT (and all IMRT modes) increases the low-
dose distribution. These low doses have been questioned as
an inductor of second cancers.*>*’ However, this risk remains
relative in patients with other risk factors for cancer and
because of the low life expectancy of these patients (regard-
less of the localization and stage). However, we have already
shown that the integral dose was not increased by the use of
tomotherapy IMRT.*84°

In conclusion, our study showed that IMRT is relevant in
SS-NSCLC. In patients treated by a curative dose, it leads to
a reduction of dose given to critical organs, allowing a better
dose distribution in the tumor, and for patients treated with
a preoperative schedule, our results provide the opportunity
to increase the dose in future controlled trials to improve the
pPRC.
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