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Introduction

Radiotherapy (RT) plays an important role in the 
management of lung cancer. The dose-response effect for 
local control in non-small cell lung cancer (NSCLC) has 
been early demonstrated (1-4), which was also reflected 
in the treatment of early stage NSCLC with stereotactic 
body radiotherapy (SBRT) based on a regression analysis of 
clinical reports from several institutions on the treatment 
of 92 lesions (5), and the fact that a biologically effective 
dose (BED) of above 100 Gy was required for optimal local 
control (6). However, in the recent trial of the Radiation 
Therapy Oncology Group (RTOG) 06-17 (7), when applied 
concurrent chemoradiotherapy with a higher radiation dose 
of 74 Gy did not benefit overall survival (OS) as compared 
to the lower dose of 60 Gy. Although the results from 
RTOG 06-17 are inconclusive due to the short follow-up 
time, higher toxicities by the higher dose has been assumed 
to possibly produce such a consequence (8). Lung tumors 
are surrounded by highly radiosensitive tissues, so the 
normal tissue toxicities associated with RT could inevitably 

influence the overall treatment outcomes. Development of 
radiation techniques is a possible way to improve the effect 
of RT by reducing toxicities through better sparing the 
surrounding normal tissues. In general, RT has moved from 
simple two-dimensional to three-dimensional delivering 
techniques during the past several decades, with the first 
introduction of three-dimensional conformal radiation 
therapy (3D-CRT), and then intensity-modulated radiation 
therapy (IMRT). 

IMRT, representing the most advanced radiation 
technique, has been shown to produce more conformal 
dose distribution, and better normal tissues sparing when 
compared to 3D-CRT. There are several approaches can 
be used to deliver IMRT (9). Fixed-field IMRT, delivered 
using conventional clinical linear accelerators fitted with 
multileaf collimator (MLC), has become the most common 
form of IMRT, which is also considered as the standard 
form of IMRT and always referred to as IMRT routinely. 
Helical tomotherapy (HT), another mode of IMRT, which 
can deliver RT with rotational fields, has been more and 
more popular recently. The main focus of this article is 
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the application and comparison of these two approaches, 
fixed-field IMRT and HT, in lung cancer. For brevity, we 
will use the term IMRT to refer to fixed-field IMRT in the 
remainder of the document unless otherwise necessary for 
clarity. 

Brief introduction of IMRT and HT techniques

Intensity-modulated radiation therapy (IMRT)

IMRT, delivered by standard clinical linear accelerators, 
was developed based on 3D-CRT, in which a finite set of 
fixed angle/direction beams (fields) are utilized, and the 
beam-eye-view (BEV) projection of each beam should 
cover the planning target volume (PTV). However, 
differing from 3D-CRT, each beam are subdivided into a 
regular set of beamlets in IMRT and the radiation intensity 
of each beamlet is controlled by MLC, thus the dose 
profiles delivered by each of these beams are modulated 
by essentially superposing many sub-beams or segments 
(10,11). Because the volume to be irradiated may, of course, 
include critical organs and we wish to minimize the doses 
delivered to these structures, IMRT can offer more degrees 
of freedom to reach the ideal dose distribution wanted.

Helical tomotherapy (HT)

HT shares similar technology with spiral computed 
tomography (CT) scan (12,13). A small radiation source, 
which is a 6 MV linear accelerator, was mounted on a CT 
ring gantry. The geometry provided the opportunity to 
provide treatment utilizing the continuous spiral 360 degree 
rotation of the CT gantry, where radiation is delivered 
helically through 51 projections per rotation. The MLC 
has two sets of interlaced leaves that move in and out very 
quickly to constantly modulate the radiation beam as it 
leaves the accelerator. Meanwhile, the patient is slowly 
and continuously translated through the bore as the gantry 
rotates. So each time the linear accelerator comes around, 
the beam is directed at a slightly different plane, radiation 
dose is modulated at every angle to conform to the target. 
Typically, tens of thousands of beamlets are included in 
one treatment session. A single beamlet corresponds to the 
radiation emitted through an open leaf of the MLC with 
the gantry at any given angle, during any given rotation. 

The expectation of HT lies in the intuitive argument 
that the patients treated with 51 equally spaced beam 
directions per gantry rotation instead of choosing a fixed-

beam setup will produce 51 individual intensity modulation 
patterns over a single gantry rotation, which may allow a 
much greater degree of freedom in the modulation because 
of the significant increase in the number of beamlets. Over 
the last decade, many studies (14-18) have been conducted 
to explore the effects of varying the numbers of beams used 
in fixed-field IMRT plans and the angles from which those 
beams are directed. Their main findings are that the dose 
distributions can be improved by appropriately increasing 
beams in combined with optimizing beam angles. HT 
planning can be viewed as a process that optimizes the 
influence of a large number of equispaced coplanar fixed 
fields and thus essentially intrinsically optimizes coplanar 
beam angles.

The same linear accelerator of HT can also be used for 
obtaining MVCT images prior to actual daily fractionated 
treatment. The availability of daily MVCT guarantees an 
accurate repositioning of the patient before irradiation: 
after the matching between the simulation CT and the daily 
MVCT, patient position can be corrected considering bony 
anatomy and/or tumor position (19-21). In addition, the 
image-guided adaptive RT based on information obtained 
from MVCT images will become more practically (22,23).

Data from dosimetric studies 

IMRT versus 3D-CRT

Grills et al. (24) analyzed the potential for reduced toxicity 
and increased prescribed dose in 18 inoperable stage I-IIIB 
NSCLC patients with a prescribed dose equal to 70 Gy. In 
node-negative patients, IMRT and 3D-CRT offered similar 
results in terms of mean lung and esophageal normal-tissue 
complication probability (NTCP); in node-positive (stage 
IIIA/B) patients, IMRT was beneficial when compared 
with 3D-CRT, with the advantages that IMRT reduced 
the lung V20 and mean dose by approximately 15% and 
lung NTCP by 30%; while meeting all the normal tissue 
dose constraints, IMRT increased the deliverable dose 
25-30% over 3D-CRT in node-positive patients; in the 
special cases where the gross tumor volume was close to 
the esophagus, IMRT reduced the mean esophagus V50 
by 40% (vs. 3D-CRT) and the esophageal NTCP was at 
least doubled converting from IMRT to 3D-CRT. In a 
planning study (25) from MD Anderson Cancer Center 
(MDACC) in comparing 3D-CRT and IMRT for 10 stage 
I-IIIB NSCLC patients, the V10 and higher dose volumes 
were reduced in most of the cases using IMRT but not V5; 
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V20 had a median reduction of 8% and the amount of lung 
V5 in IMRT increases with the number of fields; similar 
to the study by Grills et al. (24), when the complexity of 
target volumes increases, the difference between IMRT and 
3D-CRT becomes even more significant in favor of IMRT. 
So a subsequent dosimetric study with larger patient number 
was performed in MDACC, IMRT plans were generated 
for 41 patients with recurrent or Stage III-IV NSCLC who 
had undergone 3D-CRT. IMRT planning produced median 
absolute reductions in the relative percentages of normal 
lung volume irradiated to >10 and >20 Gy of 7% and 10%, 
respectively, corresponding to a decrease of >2 Gy in the 
total lung mean dose and a significant decrease in the model-
based risk of treatment-related pneumonitis, however, a 
marginal increase occurred in the spinal cord maximal dose 
and lung volume >5 Gy in the IMRT plans, which could be 
have resulted from the significant increase in monitor units 
and thus leakage dose in IMRT (26). 

HT versus 3D-CRT

A virtual study by Scrimger et al. (27) was performed to 
compare 60 Gy HT and 3D-CRT plans calculated for five 
patients with stage III inoperable NSCLC, using dose-
volume histogram (DVH) reduction techniques, including 
mean normalized dose (NTDmean), V20, and effective 
uniform dose (EUD). The results showed that the NTDmean 
of both lungs was significantly reduced in all cases when 
using HT planning (range, 10-53% reduction; mean, 31%); 
the V20 was also reduced in all cases using tomotherapy 
(range, 17-37% reduction; mean, 22%); for a constant lung 
NTDmean, it should be possible to increase tumor dose to up 
to 160 Gy in certain patients with HT. Another comparison 
between HT and 3D-CRT was made by Cattaneo et al. (28)  
in thirteen locally-advanced NSCLC in terms of DVH 
and NTCP. They found that HT significantly improved 
dose homogeneity within PTV compared with 3D-CRT. 
For lung parenchyma V20-V40 were lower with HT, 
corresponding to a decrease of 7% in the risk of radiation 
pneumonitis, but in the low dose region (<15 Gy) of lung 
DVH, the difference between HT and 3D-CRT decreased; 
the mean V5 with HT was higher than with 3D-CRT 
(70.4% vs. 67.4%) but the difference was not statistically 
significant. The volume of the heart and esophagus 
irradiated to >45-60 Gy were reduced using HT plans; 
for eight patients with an esophagus-PTV overlap >5%, 
HT significantly reduced both late and acute esophageal 
complication probability. 

HT versus IMRT

As many planning studies have demonstrated the theoretical 
dosimetric advantages of IMRT over 3D-CRT, especially in 
the complex lung cases, the dosimetric comparison between 
HT and IMRT mainly focused on the more complex lung 
cancer patients such as the ones with large and/or centrally 
located lesions or for patients who have widespread lymph 
node involvement. HT plans have been created by Kron 
and colleagues (29) for 15 patients with stage III inoperable 
NSCLC, and compared with IMRT plans generated using 
6 to 10 coplanar beams sometimes equally spaced and 
sometimes adjusted to reflect the topology of the target and 
critical structures. In order to provide the most challenging 
scenario, all patients were planned to receive 60 Gy at the 
primary target and 46 Gy at the regional lymph nodes, 
including the mediastinum. A dose quality factor (DQF) 
which was defined for representing the whole treatment by 
simultaneously considering both the target and organs at risk 
was used for characterizing the quality of the treatment plans. 
A good correlation was found between the quality of the 
HT plans and the IMRT plans with HT being slight better 
than those of the IMRT in most cases. The overlap between 
lung and PTV was found to be a good indicator of plan 
quality for HT. Another comparative planning study (30)  
from China comprised 10 NSCLC patients (1/10 staging 
IIB, 5/10 staging IIIA, 4/10 staging IIIB). They found the 
dose coverage, conformity, and homogeneity of the targets’ 
volumes were satisfactory in both plans, but the homogeneity 
of the HT plan was better than that of IMRT; the high-dose 
radiation volume (V20-V30) to the lung and the mean lung 
dose (MLD) decreased (P<0.05), but the low-dose radiation 
volume (V5-V10) increased slightly in the HT plan (P>0.05); 
the maximum doses to the spinal cord, heart, esophagus and 
trachea in the HT plan were lower than those in the IMRT 
plan, but the differences were not statistically significant. A 
study performed by Mavroidis et al. (31) aimed to compare 
3D-CRT, IMRT and HT in lung cancer RT based on 
radiobiological measures. Only four patients were included 
and the applied plan evaluation method showed that using 
both physical and biological criteria, 3D-CRT has a poor 
expected clinical outcome compared with the HT and IMRT 
plans; the IMRT plan is more effective than the respective 
HT over the clinically prescribed dose region; treatment 
plans delivering low integral doses to the healthy tissues and 
fairly homogeneous doses to the ITV can be produced either 
by HT and/or IMRT radiation modalities. However, the 
results should be interpreted with caution that very few cases 
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were included and the accuracy of the radiobiological model 
need to be validated clinically.

Summary of the findings from dosimetric studies

Compared with 3D-CRT, the advantages of IMRT and HT 
for the treatment of lung cancer are manifested mainly in 
improving the conformity and uniformity of the target and 
significantly reducing the radiation doses for the organs at 
risk, especially the MLD and V20 for the lung, but at the 
cost that more low dose area spread to the normal lung and 
more integral doses to the healthy tissues. The advantages 
of IMRT and HT over 3D-CRT are more pronounced in 
the complex lung cases. In comparison to IMRT, the HT 
may slightly improve the planning quality for selected cases, 
such as the large overlap of PTV and lung, the near distance 
between target and adjacent critical organs, but the low-
dose spread effect will be more notable due to its delivering 
method. 

Potential disadvantages of IMRT and HT

There are some concerns with respect to the use of IMRT, 
including fixed-field IMRT and HT, in lung cancer.

Low-dose radiation exposure of normal lung and other 
tissues

Lung is a radiation-sensitive organ, which is supposed to 
be damaged by the low dose radiation. In rat experiments, 
it was shown that changes in pulmonary function could be 
observed in the case of irradiation of large lung volumes 
to low doses (32). Gopal et al. (33) reported losses in the 
diffusing capacity of carbon monoxide in lung exposed to 
low-dose radiation. This low-dose radiation effect could 
be more pronounced when combined modality, such 
as concurrent chemoradiotherapy would be used (34).  
The MD Anderson group (35) reported that the absolute 
volumes of total lung receiving less than 5 Gy is an 
independent predictor for pulmonary complications in 
esophageal cancer patients treated with postoperative 
concurrent chemoradiotherapy with IMRT. Another  
study (36) also from MD Anderson showed V5 was the 
only significant factor associated with the treatment-related 
pneumonitis in NSCLC patients treated with concurrent 
chemoradiotherapy. Thus a general problem of all IMRT 
is that target dose distributions are improved and hot spots 
in normal structures are reduced both at the expense of 

radiation delivered to larger volumes of normal structures, 
including lung and other tissues; this “dose dumping” is 
of concern particularly in HT where radiation is given 
from 360°, which has been demonstrated in the dosimetric 
studies. Lung volumes receiving low doses can be reduced 
by limiting beam numbers with careful selection of beam 
angles and the use of different dose objectives (25,37) in the 
case of IMRT, and maybe the use of partial rotation in HT 
treatment. But more clinical data are needed in order to 
improve the understanding low-dose irradiation effects and 
their influence on the optimal choice of dose plan. 

Using IMRT or HT, the total absorbed dose to the 
individual, called the integral dose, will be much higher 
as compared with conventional radiation treatments, 
resulting from scattering and leakage radiation. Following 
exposure to low dose radiation there is a increased risk 
of radiation-induced second malignancies years or even 
decades following treatment (38). Hall and Wuu reported 
that IMRT induces almost double the incidence of second 
malignancies compared with 3D-CRT (39). HT machine 
has a 22 cm of tungsten shielding in primary jaws, the 
MLC, and head shielding (40). Because of the maximize 
beam shielding for radiation leakage in HT comparing to 
the conventional linear accelerators to give rise to lower 
scattered dose. Although the detailed information regarding 
the radiation-induced malignancies by using IMRT and 
HT is rare, more caution should be given when the patients 
have long life expectancy and especially the patients are 
pediatrics or young adults (41,42). 

Interplay effects

In 3D-CRT, the whole target is typically covered by the 
treatment beams from any treatment directions where the 
uncertainties from target motion may be accounted for by 
introducing ITV margin. However, the IMRT treat only 
a part of the target at any specific time using the dynamic 
delivering modes, thus the so-called interplay effects caused 
by the interplay between the moving target in the patient 
and the dynamic dose delivery may result in target under-
dosing. 

Interplay effects in IMRT
Interplay effects in fixed-beam IMRT was studied 
theoretically by numerous authors (43). Yu et al. (44) 
simulated the dose delivery by a slit beam moving at a 
across a 30-cm long target plane that moves sinusoidally, in 
which the cumulative primary photon fluence delivered to 
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the plane was calculated and used to evaluate the interplay 
effect. They found that the interplay effect strongly depends 
on the speed of the slit beam relative to that of target 
motion and beam width, the dose deterioration increased 
with the increase of the relative speed and decrease of the 
beam width; they also studied the influence of fractionation 
on the interplay effect and found the delivered dose error 
was reduced when fractionation was considered. The 
findings of Yu et al. (44) were validated by Bortfeld et al. (45)  
with a mathematical statistically model. Jiang et al. (46) 
performed an experimental study on the magnitude of the 
interplay effect in lung IMRT treatments, as well as its 
dependence on the delivery mode, dose rate, collimator 
angle, and motion starting phase. A solid water phantom 
with an embedded ion chamber was placed on a motor-
driven sinusoidally moving platform which was used to 
simulate the tumor motion, and the physical parameters from 
two 5-field IMRT plans for the actually treated lung cancer 
patients were applied. For each field, the measurement 
was made for 2 dose rates (300 and 500 MU/min), 3 MLC 
delivery modes (sliding window, step-and-shoot with 10, and 
20 intensity levels), and 8 uniformly spaced initial motion 
phases. It was found that the dose from one field averaged 
over various initial phases only differs by a few percent from 
the corresponding static dose, whereas the maximum dose 
variation for just one phase can be up to 30% of the static 
dose. However, the maximum dose variation is reduced from 
30% for one field of one fraction to 18% for all 5 fields after 
one fraction and further reduced to less than 1% to 2% after 
30 fractions. They also found the dose variation decreases 
with decreasing dose rate (increasing delivery time). 

Interplay effects in HT
Interplay effects in tomotherapy delivered with HT beam 
and sequential tomotherapy beam were measured by Yang 
et al. (47), using a computer-controlled dynamic phantom 
to simulate longitudinal tumor motion. They found that 
the dose uniformity perturbation was not significant at 
the typical breathing frequency and amplitude in HT 
delivery; the heterogeneity caused by respiratory motion 
is small when beam rotation time is much longer than 
the ‘breathing’ period of the phantom, the ‘breathing’ 
amplitude is smaller than 1 cm, and the beam modulation 
caused by nearby critical structures is absent. Kanagaki  
et al. (48) also performed a phantom study to determine 
the dosimetric effects of motion upon actual HT treatment 
delivery with the film dosimetry measurements under 
static and moving conditions using a clinical HT treatment 

unit. The motion phantom system was constructed using 
a programmable motor, a base, a moving platform and a 
life size lung heterogeneity phantom with wood inserts 
representing lung tissue with a 3.0 cm diameter spherical 
tumor density equivalent insert; the effects of varying target 
motion amplitude and periodicity, HT jaw width, couch 
speed and gantry rotation speed parameters were used to 
measure CTV dosimetric coverage in the hopes of finding 
combinations that can cause adverse synchronization 
and gross CTV under-dosing. It was found, although 
the phantom motion and HT delivery is mechanically 
periodic and only one fraction was delivered, no gross 
dose heterogeneity from interplay of these two moving 
components was measured; significantly different results 
by using different jaw sizes in HT delivery with a larger 
jaw size is less susceptible to the effect of motion, and they 
concluded that HT is a safe technique for treating moving 
tumors even with hypofractionation. Kissick et al. (49) 
analyzed the interplay effects by the use of longitudinal 
simulations of mock and surrogate data and tested with 
a fully 4D HT delivered plan and found the acceptable 
influence for typical breathing patterns and magnitudes. 

Summary of the interplay effects in IMRT and HT 
In IMRT, a gross error can result from interplay effects, but 
the magnitude of the error tends to diminish with increased 
fractionation, using multiple fields, and randomness of 
the synchronization between treatment delivery and 
breathing phases. In HT, dosimetric impacts of interplay 
effects are not significant for typical breathing patterns and 
magnitudes, even when only one fraction was delivered, 
thus HT could be considered as a safe irradiation technique 
for treating moving targets. However, it should be noted 
that those simulations were performed using somewhat 
simplistic sinusoidal tumor motion models. Real patient 
breathing cycles sometimes exhibit complicated patterns, 
with continuously changing amplitude and periodicity 
(50,51), so the approaches to reduce the respiration-
induced motion and real-time image guidance, such as 
breathing holding , gating or tracking techniques, should 
be considered to fully use the potential of IMRT in lung 
patients. 

Clinical data

There have no randomized trials comparing the clinical 
outcomes of 3D-CRT and IMRT in lung cancer till 
now (52). Two retrospectively comparative studies were 
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performed in MDACC: Yom et al. (53) compared 68 patients 
treated with IMRT to 222 patients treated with 3D-CRT 
to median doses of 63 Gy. Despite the IMRT group’s 
larger gross tumor volume (194 vs. 142 mL, P=0.002), 
the rate of grade ≥3 pneumonitis at 12 months was 8% 
compared with 32% for 3D-conformal (P=0.002); the study 
by Yom et al. (53) was expanded upon by Liao et al. (54)  
who retrospectively analyzed the treatment outcomes of 318 
NSCLC patients treated with 3D-CRT and 91 NSCLC 
patients treated with IMRT. In that study, the median 
OS times were 1.4 years for IMRT group and 0.85 years  
for 3D-CRT group, and OS was significantly better in 
patients treated with IMRT. Recently, two population-
based comparative studies (55,56) regarding IMRT in stage 
III NSCLC based on the Surveillance, Epidemiology, and 
End Results (SEER) database were published: the study 
by Shirvani et al. (55) mainly focused on the toxicities and 
found that esophagus and lung toxicity rates were similar 
between IMRT and 3DCRT; in another study (56), both 
treatment outcomes and toxicities were analyzed, with 
the findings that IMRT was associated with improved 
OS [hazard ratio (HR) 0.90, P=0.02] and cancer-specific 
survival (CSS) (HR 0.90, P=0.02) in univariate analysis, 
but was associated with similar OS (HR 0.94, P=0.23) and 
CSS (HR 0.94, P=0.28) in multivariate analysis compared 
with 3D-CRT, and the similar toxicity risks occurred in 
both groups. Because of the non-randomization nature, the 
two SEER database studies (55,56) should be interpreted 
with caution: firstly, the patient treated with IMRT tend 
to have more complex lesions such as large tumor volumes 
and more extensive lymph nodes (53,54); secondly, the 
study period captured the earliest use of IMRT in most 
institutions with rare experience, but the 3D-CRT was 
the mature standard-of-care for lung cancer at that time; 
thirdly, the imperfectly records in SEER-Medicare data, 
especially the toxicities, would confound the analysis. 
Shirvani et al. (57) conducted a retrospective comparison of 
IMRT and 3D-CRT for stage I-III small cell lung cancer 
and found decreased use of tube feeds with IMRT but 
similar rates of intravenous hydration. A recent report from 
the secondary analysis of RTOG 0617 suggested that the 
use of IMRT could lead to improved quality of life (QOL) 
without compromising patient survival (58). Taken together, 
IMRT do not compromise the treatment outcomes, 
including survival, toxicity and patients’ QOL in lung 
cancer patients as compared with 3D-CRT, although its use 
for lung cancer remains somewhat controversial because of 
concerns about potentially inferior cancer outcomes related 

to interplay effects and potentially increased toxicity caused 
by larger volumes of normal tissue being exposed to low-
dose radiation. 

There were several small studies reported the clinical 
outcomes of using HT in NSCLC. In a prospective study (59),  
40 consecutive stage III NSCLC patients were treated 
according to a uniform class solution (70.5 Gy in 30 
fractions) with fixed constraints and priorities using HT. 
Acute grade 3 lung toxicity was seen in 10% of patients, 
and 16% maximally grade 3 late toxicity (lung toxicity 
exclusively) was observed after. Despite two deaths within  
90 days after the start of RT from pulmonary toxicity, the 
acute and late toxicity profile was mostly acceptable when the 
MLD was kept to <18 Gy and the V20 was kept to <32%. 
The local progression-free survival (PFS) was considered 
encouraging for this unselected population, with the 1-year 
local PFS 66% and 2-year local PFS 50%. Adkison et al. (60)  
conducted a risk-stratified dose-escalating study with 
hypofractionated RT using HT for inoperable NSCLC,  
46 stage I-III (80% stage III) patients were included, with 
no > grade 2 pneumonitis and esophageal toxicities were 
observed when radiation dose was escalated to 80.5 Gy 
in 25 fractions, and the median survival of 18 months was 
promising. The toxicity profiles between the above two 
studies (59,60) might due to the patient selections and 
chemotherapy-using, and also suggested the importance 
of the suitable dose-constrains setting. A retrospective 
study (61) from Korea assessed the clinical outcomes and 
complications in 37 NSCLC patients, the findings that 
treatment-related pneumonitis ≥ grade 3 occurred in seven 
patients and four patients died of treatment-related death 
from pneumonitis seemed higher than the historical control. 
Only contralateral lung V5 was found to significantly predict 
lung toxicity in the multivariate analysis, suggesting the 
different dose parameters chosen for planning between HT 
and conventional might be necessary because of the different 
radiation delivery modes. 

IMRT and HT-based SBRT

SBRT is a non-invasive treatment that can deliver a high 
dose of radiation in a few fractions to the neoplastic 
lesions, which has been shown to be an excellent treatment 
option for early-stage NSCLC when a BED of ≥100 Gy  
is delivered (6,62,63). Because of the concern that the 
interplay effects will be more pronounced when the 
radiation was given in few fractions using fixed-field 
IMRT, the use of IMRT-based SBRT in lung tumors 
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was considered somewhat questionable. However, Seco  
et al. (64) concluded that for most clinical cases, any non-
negligible effects of IMRT dose delivery may be clinically 
irrelevant when multiple beams are used. A study by Rao 
et al. (65) using 4D dose calculation based on deformable 
image registration with the simulation of interplay between 
MLC sequences and target movement showed the interplay 
effects were small in most patients. The interplay effects 
were reported be subtle in HT delivery even in one fraction 
treatment as mentioned above, the application of HT-based 
SBRT in lung cancers has been raised interest, particularly 
for the centrally located lesions for which severe toxicities 
were reported to be associated with conventional SBRT use 
due to their close proximity to critical organs (66). Several 
dosimetric studies have demonstrated the feasibility and 
superiority of using HT-based SBRT in early-stage NSCLC 
(67-69), especially for the centrally located tumors. Some 
clinical studies (70-73) have shown the acceptable safety 
and efficacy of IMRT and HT-based SBRT in lung cancer, 
albeit only short-term follow-up is available. Considering 
the excellent outcomes of conventional SBRT treatment for 
early-stage NSCLC, to select suitable cases that may benefit 
from HT-based SBRT becomes an important issue. Chi  
et al. (74) performed a study to explore the dosimetric 
selection criteria for HT-based SBRT delivering 70 Gy in 10 
fractions to avoid severe toxicity in the treatment of centrally 
located lung tumors when adequate target dose coverage is 
desired, and suggested the most ideal candidates for HT-
based SABR should have GTV ≤3.78 cm, or 11.98 cc; 
PTV≤4.90 cm, or 34.43 cc; ≤2 separate adjacent structures 
immediately adjacent to the GTV, the minimum GTV to 
OAR distance of ≥0.45 cm, and the minimum PTV to OAR 
distance of ≥0.21 cm. The clinical decision need to be further 
investigated bases on randomized trials. 

Impression

The introduction of IMRT and HT can add the freedom of 
dose painting for lung cancer. However, the enhancement of 
capability or freedom in one facet of machine performance 
is often accompanied by a diminished capability or 
restriction in another, so the various delivery systems may 
ultimately prove optimal for different patient conditions. 
Actually, the delivery systems are likely to be distinguished 
not just by the dose distributions they can deliver but also 
by other clinical relevant factors. Given that IMRT and HT 
are more resource-intensive than conventional RT, and also 
considering the potential disadvantages of IMRT and HT, 

identifying patients who can particularly benefit from these 
advanced approaches need further investigation. Anyway, 
the clinical use of suitable radiation techniques should be 
finally decided on the basis on solitary clinical data. Besides 
the advances of radiation techniques, combination with 
systemic therapy is another way to improve treatment 
outcomes of lung cancer. Chemotherapy has been shown 
to increase the survival of lung cancer patients. Another 
systemic therapy evolving to target therapy specific to 
molecular abnormalities has been shown to yield better 
survival and less toxicity in selected cases. More research is 
needed combining targeted agents with RT. We also need 
a great understanding of the molecular events that take 
place in irradiated cells so that targeted agents can designed 
specifically to improve the therapeutic index of radiation. 

Acknowledgements

Disclosure: The authors declare no conflict of interest.

References

1. Perez CA, Stanley K, Rubin P, et al. A prospective 
randomized study of various irradiation doses and 
fractionation schedules in the treatment of inoperable 
non-oat-cell carcinoma of the lung. Preliminary report 
by the Radiation Therapy Oncology Group. Cancer 
1980;45:2744-53.

2. Kong FM, Ten Haken RK, Schipper MJ, et al. High-
dose radiation improved local tumor control and overall 
survival in patients with inoperable/unresectable non-
small-cell lung cancer: long-term results of a radiation 
dose escalation study. Int J Radiat Oncol Biol Phys 
2005;63:324-33.

3. Belderbos JS, Heemsbergen WD, De Jaeger K, et al. 
Final results of a Phase I/II dose escalation trial in 
non-small-cell lung cancer using three-dimensional 
conformal radiotherapy. Int J Radiat Oncol Biol Phys 
2006;66:126-34.

4. Yuan S, Sun X, Li M, et al. A randomized study of 
involved-field irradiation versus elective nodal irradiation 
in combination with concurrent chemotherapy for 
inoperable stage III nonsmall cell lung cancer. Am J Clin 
Oncol 2007;30:239-44.

5. Wulf J, Baier K, Mueller G, et al. Dose-response in 
stereotactic irradiation of lung tumors. Radiother Oncol 
2005;77:83-7.

6. Onishi H, Shirato H, Nagata Y, et al. Hypofractionated 



272 Zhu and Fu. The radiation techniques of Tomo & IMRT applied to lung cancer

© Translational lung cancer research. All rights reserved. Transl Lung Cancer Res 2015;4(3):265-274www.tlcr.org

stereotactic radiotherapy (HypoFXSRT) for stage I non-
small cell lung cancer: updated results of 257 patients 
in a Japanese multi-institutional study. J Thorac Oncol 
2007;2:S94-100.

7. Bradley JD, Paulus R, Komaki R, et al. A randomized 
phase III comparison of standard-dose (60 Gy) versus 
high-dose (74 Gy) conformal chemoradiotherapy +/- 
cetuximab for stage IIIa/IIIb non-small cell lung cancer: 
Preliminary findings on radiation dose in RTOG 0617. 
The 53rd Annual Meeting of the American Socieaty of 
Radiation Oncology. Miami, 2-6 October, 2011. 

8. Cox JD. Are the results of RTOG 0617 mysterious? Int J 
Radiat Oncol Biol Phys 2012;82:1042-4.

9. Fenwick JD, Tomé WA, Soisson ET, et al. Tomotherapy 
and other innovative IMRT delivery systems. Semin 
Radiat Oncol 2006;16:199-208.

10. Ling CC, Burman C, Chui CS, et al. Conformal radiation 
treatment of prostate cancer using inversely-planned 
intensity-modulated photon beams produced with dynamic 
multileaf collimation. Int J Radiat Oncol Biol Phys 
1996;35:721-30.

11. Memorial Sloan-Kettering Cancer Center Staff: A 
Practical Guide to Intensity-Modulated Radiation 
Therapy. Madison, WI: Medical Physics Publishing, 2003.

12. Mackie TR, Holmes T, Swerdloff S, et al. Tomotherapy: 
a new concept for the delivery of dynamic conformal 
radiotherapy. Med Phys 1993;20:1709-19.

13. Mackie TR, Balog J, Ruchala K, et al. Tomotherapy. Semin 
Radiat Oncol 1999;9:108-17.

14. Mackie TR, Olivera GH, Kapatoes JM, et al. Helical 
tomotherapy. In: Palta JR, Mackie TR. eds. Intensity-
Modulated Radiation Therapy-The State of the Art. 
Madison: Medical Phyics Publishing, 2003:247-84.

15. Rowbottom CG, Nutting CM, Webb S. Beam-orientation 
optimization of intensity-modulated radiotherapy: clinical 
application to parotid gland tumours. Radiother Oncol 
2001;59:169-77.

16. Ferreira BC, Svensson R, Löf J, et al. The clinical value 
of non-coplanar photon beams in biologically optimized 
intensity modulated dose delivery on deep-seated tumours. 
Acta Oncol 2003;42:852-64.

17. Meedt G, Alber M, Nüsslin F. Non-coplanar beam 
direction optimization for intensity-modulated 
radiotherapy. Phys Med Biol 2003;48:2999-3019.

18. Gaede S, Wong E. An algorithm for systematic selection 
of beam directions for IMRT. Med Phys 2004;31:376-88.

19. Forrest LJ, Mackie TR, Ruchala K, et al. The utility of 
megavoltage computed tomography images from a helical 

tomotherapy system for setup verification purposes. Int J 
Radiat Oncol Biol Phys 2004;60:1639-44.

20. Ruchala KJ, Olivera GH, Kapatoes JM. Limited-data image 
registration for radiotherapy positioning and verification. 
Int J Radiat Oncol Biol Phys 2002;54:592-605.

21. Ruchala K, Olivera G, Wu L, et al. Image-guidance 
strategies with integrated on-board MVCT. Int J Radiat 
Oncol Biol Phys 2004;60:S227-8.

22. Ramsey S, Mahan S, Scaperoth D, et al. Image-guided 
adaptive therapy for the treatment of lung cancer. Int J 
Radiat Oncol Biol Phys 2004;60:S339.

23. Kupelian PA, Ramsey C, Meeks SL, et al. Serial 
megavoltage CT imaging during external beam 
radiotherapy for non-small-cell lung cancer: observations 
on tumor regression during treatment. Int J Radiat Oncol 
Biol Phys 2005;63:1024-8.

24. Grills IS, Yan D, Martinez AA, et al. Potential for reduced 
toxicity and dose escalation in the treatment of inoperable 
non-small-cell lung cancer: a comparison of intensity-
modulated radiation therapy (IMRT), 3D conformal 
radiation, and elective nodal irradiation. Int J Radiat Oncol 
Biol Phys 2003;57:875-90.

25. Liu HH, Wang X, Dong L, et al. Feasibility of sparing 
lung and other thoracic structures with intensity-
modulated radiotherapy for non-small-cell lung cancer. Int 
J Radiat Oncol Biol Phys 2004;58:1268-79.

26. Murshed H, Liu HH, Liao Z, et al. Dose and volume 
reduction for normal lung using intensity-modulated 
radiotherapy for advanced-stage non-small-cell lung 
cancer. Int J Radiat Oncol Biol Phys 2004;58:1258-67.

27. Scrimger RA, Tomé WA, Olivera GH, et al. Reduction 
in radiation dose to lung and other normal tissues using 
helical tomotherapy to treat lung cancer, in comparison 
to conventional field arrangements. Am J Clin Oncol 
2003;26:70-8.

28. Cattaneo GM, Dell'oca I, Broggi S, et al. Treatment 
planning comparison between conformal radiotherapy and 
helical tomotherapy in the case of locally advanced-stage 
NSCLC. Radiother Oncol 2008;88:310-8.

29. Kron T, Grigorov G, Yu E, et al. Planning evaluation of 
radiotherapy for complex lung cancer cases using helical 
tomotherapy. Phys Med Biol 2004;49:3675-90. 

30. Meng LL, Feng LC, Wang YL, et al. Dosimetric 
comparison between helical tomotherapy and intensity-
modulated radiation therapy plans for non-small cell lung 
cancer. Chin Med J (Engl) 2011;124:1667-71.

31. Mavroidis P, Shi C, Plataniotis GA, et al. Comparison of 
the helical tomotherapy against the multileaf collimator-



273Translational lung cancer research, Vol 4, No 3 June 2015

© Translational lung cancer research. All rights reserved. Transl Lung Cancer Res 2015;4(3):265-274www.tlcr.org

based intensity-modulated radiotherapy and 3D conformal 
radiation modalities in lung cancer radiotherapy. Br J 
Radiol 2011;84:161-72.

32. Semenenko VA, Molthen RC, Li C, et al. Irradiation of 
varying volumes of rat lung to same mean lung dose: a 
little to a lot or a lot to a little? Int J Radiat Oncol Biol 
Phys 2008;71:838-47. 

33. Gopal R, Tucker SL, Komaki R, et al. The relationship 
between local dose and loss of function for irradiated lung. 
Int J Radiat Oncol Biol Phys 2003;56:106-13.

34. Vogelius IS, Westerly DC, Cannon GM, et al. Intensity-
modulated radiotherapy might increase pneumonitis risk 
relative to three-dimensional conformal radiotherapy 
in patients receiving combined chemotherapy and 
radiotherapy: a modeling study of dose dumping. Int J 
Radiat Oncol Biol Phys 2011;80:893-9.

35. Wang SL, Liao Z, Vaporciyan AA, et al. Investigation of 
clinical and dosimetric factors associated with postoperative 
pulmonary complications in esophageal cancer patients 
treated with concurrent chemoradiotherapy followed by 
surgery. Int J Radiat Oncol Biol Phys 2006;64:692-9. 

36. Wang S, Liao Z, Wei X, et al. Analysis of clinical and 
dosimetric factors associated with treatment-related 
pneumonitis (TRP) in patients with non-small-cell lung 
cancer (NSCLC) treated with concurrent chemotherapy 
and three-dimensional conformal radiotherapy (3D-CRT). 
Int J Radiat Oncol Biol Phys 2006;66:1399-407.

37. Liu HH, Jauregui M, Zhang X, et al. Beam anle 
optimization and reduction for intensity-modulated 
radiation therapy of non-small-cell lung cancers. Int J 
Radiat Oncol Biol Phys 2006;65:561-72.

38. Stathakis S, Roland T, Papanikolaou N, et al. A prediction 
study on radiation-induced second malignancies for 
IMRT treatment delivery. Technol Cancer Res Treat 
2009;8:141-8.

39. Hall EJ, Wuu CS. Radiation-induced second cancers: the 
impact of 3D-CRT and IMRT. Int J Radiat Oncol Biol 
Phys 2003;56:83-8.

40. Balog J, Lucas D, DeSouza C, et al. Helical tomotherapy 
radiation leakage and shielding considerations. Med Phys 
2005;32:710-9.

41. .Kellerer AM, Barclay D. Age Dependencies in the 
Modelling of Radiation Carcinogenesis. Radiat Prot 
Dosimetry 1992;41:273-81.

42. Land CE, Boice JD Jr, Shore RE, et al. Breast cancer risk 
from low-dose exposures to ionizing radiation: results of 
parallel analysis of three exposed populations of women. J 
Natl Cancer Inst 1980;65:353-76.

43. Bortfeld T, Jiang SB, Rietzel E. et al. Effects of motion 
on the total dose distribution. Semin Radiat Oncol 
2004;14:41-51.

44. Yu CX, Jaffray DA, Wong JW. The effects of intra-
fraction organ motion on the delivery of dynamic intensity 
modulation. Phys Med Biol 1998;43:91-104.

45. Bortfeld T, Jokivarsi K, Goitein M, et al. Effects of intra-
fraction motion on IMRT dose delivery: statistical analysis 
and simulation. Phys Med Biol 2002;47:2203-20.

46. Jiang SB, Pope C, Al Jarrah KM, et al. An experimental 
investigation on intra-fractional organ motion effects in 
lung IMRT treatments. Phys Med Biol 2003;48:1773-84.

47. Yang JN, Mackie TR, Reckwerdt P, et al. An investigation 
of tomotherapy beam delivery. Med Phys 1997;24:425-36.

48. Kanagaki B, Read PW, Molloy JA, et al. A motion 
phantom study on helical tomotherapy: the dosimetric 
impacts of delivery technique and motion. Phys Med Biol 
2007;52:243-55.

49. Kissick MW, Flynn RT, Westerly DC, et al. On the 
impact of longitudinal breathing motion randomness for 
tomotherapy delivery. Phys Med Biol 2008;53:4855-73. 

50. Ozhasoglu C, Murphy MJ. Issues in respiratory motion 
compensation during external-beam radiotherapy. Int J 
Radiat Oncol Biol Phys 2002;52:1389-99.

51. Seppenwoolde Y, Shirato H, Kitamura K, et al. Precise and 
real-time measurement of 3D tumor motion in lung due 
to breathing and heartbeat, measured during radiotherapy. 
Int J Radiat Oncol Biol Phys 2002;53:822-34.

52. Bezjak A, Rumble RB, Rodrigues G, et al. Intensity-
modulated radiotherapy in the treatment of lung cancer. 
Clin Oncol (R Coll Radiol) 2012;24:508-20.

53. Yom SS, Liao Z, Liu HH, et al. Initial evaluation of 
treatment-related pneumonitis in advanced-stage non-
small-cell lung cancer patients treated with concurrent 
chemotherapy and intensity-modulated radiotherapy. Int J 
Radiat Oncol Biol Phys 2007;68:94-102.

54. Liao ZX, Komaki RR, Thames HD Jr, et al. Influence 
of technologic advances on outcomes in patients with 
unresectable, locally advanced non-small-cell lung cancer 
receiving concomitant chemoradiotherapy. Int J Radiat 
Oncol Biol Phys 2010;76:775-81.

55. Shirvani SM, Jiang J, Gomez DR, et al. Intensity 
modulated radiotherapy for stage III non-small cell 
lung cancer in the United States: predictors of use and 
association with toxicities. Lung Cancer 2013;82:252-9. 

56. Harris JP, Murphy JD, Hanlon AL, et al. A population-
based comparative effectiveness study of radiation therapy 
techniques in stage III non-small cell lung cancer. Int J 



274 Zhu and Fu. The radiation techniques of Tomo & IMRT applied to lung cancer

© Translational lung cancer research. All rights reserved. Transl Lung Cancer Res 2015;4(3):265-274www.tlcr.org

Radiat Oncol Biol Phys 2014;88:872-84. 
57. Shirvani SM, Juloori A, Allen PK, et al. Comparison of 

2 common radiation therapy techniques for definitive 
treatment of small cell lung cancer. Int J Radiat Oncol Biol 
Phys 2013;87:139-47.

58. Movsas B, Hu C, Sloan J, et al. Quality of life (QOL) 
analysis of the randomized radiation (RT) dose escalation 
NSCLC trial (RTOG 0617): The rest of the story. Int J 
Radiat Oncol Biol Phys 2013;87:S1-2.

59. Bral S, Duchateau M, Versmessen H, et al. Toxicity 
and outcome results of a class solution with moderately 
hypofractionated radiotherapy in inoperable Stage III 
non-small cell lung cancer using helical tomotherapy. Int J 
Radiat Oncol Biol Phys 2010;77:1352-9.

60. Adkison JB, Khuntia D, Bentzen SM, et al. Dose escalated, 
hypofractionated radiotherapy using helical tomotherapy 
for inoperable non-small cell lung cancer: preliminary 
results of a risk-stratified phase I dose escalation study. 
Technol Cancer Res Treat 2008;7:441-7.

61. Song CH, Pyo H, Moon SH, et al. Treatment-Related 
Pneumonitis and Acute Esophagitis in Non–Small-Cell 
Lung Cancer Patients Treated With Chemotherapy 
and Helical Tomotherapy. Int J Radiat Oncol Biol Phys 
2010;78:651-8.

62. Chi A, Liao Z, Nguyen NP, et al. Systemic review of the 
patterns of failure following stereotactic body radiation 
therapy in early-stage non-small-cell lung cancer: clinical 
implications. Radiother Oncol 2010;94:1-11.

63. Onishi H, Shirato H, Nagata Y, et al. Stereotactic body 
radiotherapy (SBRT) for operable stage I non-small-cell 
lung cancer: can SBRT be comparable to surgery? Int J 
Radiat Oncol Biol Phys 2011;81:1352-8.

64. Seco J, Sharp GC, Turcotte J, et al. Effects of organ 
motion on IMRT treatments with segments of few 
monitor units. Med Phys 2007;34:923-34.

65. Rao M, Wu J, Cao D, et al. Dosimetric impact of 
breathing motion in lung stereotactic body radiotherapy 
treatment using intensity modulated radiotherapy and 
volumetric modulated arc therapy [corrected]. Int J Radiat 

Oncol Biol Phys 2012;83:e251-6.
66. Timmerman R, McGarry R, Yiannoutsos C, et al. 

Excessive toxicity when treating central tumors in a 
phase II study of stereotactic body radiation therapy for 
medically inoperable early-stage lung cancer. J Clin Oncol 
2006;24:4833-9.

67. Fuss M, Shi C, Papanikolaou N. Tomotherapeutic 
stereotactic body radiation therapy: Techniques 
and comparison between modalities. Acta Oncol 
2006;45:953-60.

68. Chi A, Ma P, Fu G, et al. Critical structure sparing in 
stereotactic ablative radiotherapy for central lung lesions: 
helical tomotherapy vs. volumetric modulated arc therapy. 
PLoS One 2013;8:e59729.

69. Chi A, Jang SY, Welsh JS, et al. Feasibility of helical 
tomotherapy in stereotactic body radiation therapy 
for centrally located early stage non-small-cell lung 
cancer or lung metastases. Int J Radiat Oncol Biol Phys 
2011;81:856-62.

70. Nagai A, Shibamoto Y, Yoshida M, et al. Safety and efficacy 
of intensity-modulated stereotactic body radiotherapy 
using helical tomotherapy for lung cancer and lung 
metastasis. Biomed Res Int 2014;2014:473173.

71. Marcenaro M, Vagge S, Belgioia L, et al. Ablative or 
palliative stereotactic body radiotherapy with helical 
tomotherapy for primary or metastatic lung tumor. 
Anticancer Res 2013;33:655-60.

72. Videtic GM, Stephans K, Reddy C, et al. Intensity-
modulated radiotherapy-based stereotactic body 
radiotherapy for medically inoperable early-stage lung 
cancer: excellent local control. Int J Radiat Oncol Biol 
Phys 2010;77:344-9.

73. Kim MJ, Yeo SG, Kim ES, et al. Intensity-modulated 
stereotactic body radiotherapy for stage I non-small cell 
lung cancer. Oncol Lett 2013;5:840-4.

74. Chi A, Liao Z, Nguyen NP, et al. Dosimetric selection 
for helical tomotherapy based stereotactic ablative 
radiotherapy for early-stage non-small cell lung cancer or 
lung metastases. PLoS One 2012;7:e35809.

Cite this article as: Zhu Z, Fu X. The radiation techniques of 
tomotherapy & intensity-modulated radiation therapy applied 
to lung cancer. Transl Lung Cancer Res 2015;4(3):265-274. doi: 
10.3978/j.issn.2218-6751.2015.01.07


