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The purpose of this study was to assess the impact of respiratory gating on tumor 
and normal tissue dosimetry in patients treated with SBRT for early stage non-small 
cell lung cancer (NSCLC). Twenty patients with stage I NSCLC were studied. 
Treatment planning was performed using four-dimensional computed tomography 
(4D CT) with free breathing (Plan I), near-end inhalation (Plan II), and near-end 
exhalation (Plan III). The prescription dose was 60 Gy in three fractions. The  tumor 
displacement was most pronounced for lower peripheral lesions (average 7.0 mm, 
range 4.1–14.3 mm) when compared to upper peripheral  (average 2.4 mm, range 
1.0–5.1 mm) or central lesions (average 2.9 mm, range 1.0–4.1 mm). In this study, 
the pencil beam convolution (PBC) algorithm with modified Batho power law for 
tissue heterogeneity was used for dose calculation. There were no significant dif-
ferences in tumor and normal tissue dosimetry among the three gated plans. Tumor 
location however, significantly influenced tumor doses because of the  necessity of 
respecting normal tissue constraints of centrally located structures. For plans I, II 
and III, average doses to central lesions were lower as compared with peripheral 
lesions by 4.88 Gy, 8.24 Gy and 6.93 Gy for minimum PTV and 0.98, 1.65 and 
0.87 Gy for mean PTV dose, respectively. As a result, the mean single fraction 
equivalent dose (SFED) values were also lower for central compared to peripheral 
lesions. In addition, central lesions resulted in higher mean doses for lung, esopha-
gus, and ipsilateral bronchus by 1.24, 1.93 and 7.75 Gy, respectively. These results 
indicate that the tumor location is the most important determinant of dosimetric 
optimization of SBRT plans. Respiratory gating proved unhelpful in the planning 
of these patients with severe COPD.
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I. InTRoducTIon

Stereotactic body radiation therapy (SBRT) is a noninvasive alternative to surgery for patients 
with medically inoperable, early stage non-small cell lung cancer (NSCLC) with tumor control 
rates ranging from 80% to 95% at two to three years. It utilizes highly conformal radiation 
techniques to deliver ablative radiation doses (50 to 60 Gy) in few fractions to tumor while 
limiting dose to surrounding normal tissues.(1,2) Although promising short-term results have 
been reported, long-term tumor control and toxicity data are still being compiled. 
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Radiobiological modeling has been used to predict the biological impact of radiation therapy 
and to compare treatments utilizing various dose-fractionation schemes, mostly based on the 
linear quadratic model (LQM).(3) However, for fraction doses of 5 Gy or greater, actual cell 
survival curves appear linear instead of down bending as LQM would predict. As a result, the 
LQM may over estimate cytotoxic effects of SBRT.(1-4) A universal survival curve (USC) model 
has recently been proposed, combining the LQM for low-dose region and the multitarget model 
asymptote for high-dose region.(5) Based on the USC concept, the single fraction equivalent 
dose (SFED) was introduced as the dose delivered in one fraction that would cause the same 
biological effect as any dose-fractionation scheme in question.(5)

Respiratory motion may significantly influence the accuracy and reproducibility of tumor 
targeting with radiation. There is increasing evidence that gating respiration results in decreased 
volumes of irradiated normal lung.(6) This may prove to have significant impact in limiting 
pulmonary toxicity when few large radiation fractions are used such as in SBRT. 4D CT is one 
method of assessing respiratory pattern and tumor motion during radiation treatment planning. 
It allows one to determine tumor motion in three dimensions and, therefore, customize treatment 
margins for each individual patient. It may also be used to identify the optimal phase of respira-
tory cycle where the healthy lung may potentially be spared of excessive radiation exposure, 
minimizing the risk of toxicity. 4D CT may be particularly useful for tumors of the lower lung 
as their motion may be more pronounced due to their proximity to the diaphragm.(7-10)

The purpose of this study was to quantify the range of motion of lung tumors relatively to 
their location within the lung parenchyma, and subsequently assess the impact of respiratory 
gating on tumor and normal tissue dosimetry in patients treated with SBRT. 

 
II. MATERIALS And METHodS

A.  Patients
Twenty patients (18 male; 2 female) were treated with SBRT in the Department of Radiation 
Oncology at our institution. The average group age was 71.5 years (range, 58–85 years). All 
patients had Stage 1A or 1B NSCLC.(11) Eighteen patients were medically inoperable due to poor 
pulmonary function, and two because of poor cardiovascular function. Patients were scanned 
with a GE LightSpeed CT scanner and the Real-Time Position Management (RPM) Respiratory 
Gating System ver.1.6.5 (Varian Medical Systems, Palo Alto, CA). The gating technique uses 
large scan field of view, 120 kV, 400 mA, and 60 sec. The 4D CT scanning images obtained 
from these 20 patients were used in the present study. 

All patients breathed freely during the entire scan and treatment, and no respiratory immo-
bilization was used. The full breathing cycle was divided in ten phases. Plan I was defined by 
the average of all the ten images acquired during the full breathing cycle. Plan II and Plan III 
were defined by the average of images obtained during the three segments of respiratory cycle 
corresponding to near-end inhalation and near-end exhalation respectively. The contouring of 
the tumor and the normal tissues was done separately for each plan. That is, for Plan I, the ITV 
and normal tissues were contoured on the average image resulting from the entire respiration 
cycle. For Plans II and III, the ITV and normal tissues were contoured on the average of the 
images from the near-end inhalation window and the near-end exhalation window, respectively. 
Utilizing the tumor site and location criteria (Fig. 1), 15 patients were classified with peripheral 
lesions (nine in the upper and six in the lower region) and five patients with centrally located 
lesions. Tumors were contoured using windows and levels optimized for lung tissue. 
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B.  Treatment planning
The CT images were sorted using the 4D planning software (GE Advantage Workstation 
aw4.3_06), and SBRT treatment plans were created using Eclipse Treatment Planning System 
7.4 (Varian Medical Systems, Palo Alto CA). The plans for this study used a prescription dose 
of 60 Gy in three fractions. All plans had five to seven, 6 MV, coplanar non-opposing beams. 
The ITVs were given a 0.7 cm circumferential margin to create the PTVs. The standard dose 
calculation algorithm (pencil beam with modified Batho Power Law) was used. The optimiza-
tion goals were to deliver 60 Gy to 95% of the PTV, but at least 95% of the prescription dose 
to 95% of the PTV was allowed to meet all normal tissue constraints, and 99% of the PTV was 
to receive a minimum of 90% of the dose. Doses 5% above the prescribed dose had to reside 
within the PTV. Maximum allowed doses to spinal cord, esophagus, heart, and ipsilateral bron-
chus were 18 Gy, 27 Gy, 30 Gy, and 30 Gy, respectively.(12) For normal lung, the percentage 
volume receiving 20 Gy or more, V20Gy, was restricted to 10%, unless this proved unworkable, 
in which case up to 15% was acceptable. The heterogeneity index (HI) was defined as the ratio 
of the dose at 1% of the PTV to the dose at 99% of the PTV (D1%/D99%). 

c.  Radiobiological modeling
Because dose heterogeneities exist within the target volume (D1%/D99%, HI > 1), the cumula-
tive dose volume histogram (DVH) was used to generate equivalent uniform dose (EUD) and 
tumor control probability (TCP)(13) assuming a clonogen cell density (CCD) = 220 million/cc; 
SF2 = 0.4, at reference dose = 2 Gy; number of fractions = 3; Dose = 60 Gy; and α/β = 10. The 
calculation of EUD was done with the Niemerko method(14) when fractionation effects using 

Fig. 1. Tumor site and location were classified by dividing the chest cavity vertically along the mediastinum to separate left 
and right regions, and into three equal portions (peripheral right, central, and peripheral left) at the level of the carina in the 
coronal orientation. Also, the thorax was segmented by a transversal line at the carina to divide the upper from the lower 
lung regions. The tumor location seemed central if only tumor margin touched the line defining the central region.
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the LQM are also included.(14,3) The concept of EUD was then incorporated into the calculation 
of the single fraction equivalent dose (SFED), which seeks to represent the biological effect of 
any dose-fractionation scheme of an equivalent single fraction dose.(5)

D.  Quantification of tumor displacement
To attribute a location to the tumor inside the thorax, the coordinates given by the treatment 
planning software for the marked CT slice (used for patient setup) were considered the origin 
(x0, y0, z0), and the location of the center of the tumor for Plan I was defined as (x1, y1, z1), for 
Plan II as (x2, y2, z2), and for Plan III as (x3, y3, z3). The measurement of the vector distance 
from the origin to the center of each ITV was calculated in the following manner and graphi-
cally shown in Fig. 2:

   
  

(1)

 
    
  

(2)

    
   
  

(3)

The maximum displacement of the tumor was calculated as follows:

    
  

(4)

Fig. 2. Internal target volume (ITV) location with respect to respiratory gating plans.
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E.  Statistical analysis
Statistical analysis was performed using the SAS System for Windows, ver.9.1 (SAS Institute 
Inc., Cary, NC). The data was summarized using the mean ± standard deviation (SD). The mean 
volume and dose values were compared among the three treatment plans of respiratory phases 
using a mixed effects analysis of variance (ANOVA) modeling approach. The mixed model 
included a random subject effect to account for correlation among multiple measurements 
made on each subject. The model also included a fixed measurement phase (with three levels) 
term. The Tukey method was used to make pairwise comparisons between pairs of the phases 
if the overall test (comparing mean response among the three treatment plans) was significant. 
A two-sided 0.05 alpha level was used for hypothesis testing. 

 
III. RESuLTS 

A.  Volumes
The group average ITVs for Plans I, II and III, were 17.99 cm3 (range, 1.17–73.60 cm3), 
18.06 cm3 (range, 0.67–69.39 cm3), and 17.12 cm3 (range, 0.97–66.93 cm3), respectively. The 
group average volumes for PTV, uninvolved lung, esophagus, ipsilateral bronchus, heart, and 
spinal cord are given in Table 1. There was no significant difference in the mean PTV volume 
measures among the three plans (p = 0.2). The mean volume of the normal lung, however, differed 
significantly among the three Plans (p = 0.006). Based on pairwise comparisons, the mean lung 
volume for Plans I and III was significantly lower compared to Plan II (4204.85 ± 1260.75 cm3 
and 4258.27 ± 1250.37 cm3 versus 4437.70 ± 1213.55 cm3, respectively, p ≤ 0.04). For unclear 
reasons, mean heart volumes differed significantly among the three Plans (p = 0.05), whereas 
for ipsilateral bronchus, spinal cord, esophagus and ITV, they did not (p ≥ 0.1, respectively).

Table 1. Average volumes.

  Average Volume (cm3)
 Structure of Interest Plan I Plan II Plan III

 ITV 17.99 18.06 17.12

 PTV 60.48 60.06 57.80

 Uninvolved Lung 4204.85 4437.70 4258.27

 Esophagus 37.86 37.67 39.93

 Ipsilateral Bronchus 2.09 2.36 2.21

 Heart 759.99 710.92 712.87

 Spinal Cord 55.01 55.03 55.91

B.  Tumor displacement
The average maximum tumor displacement was 4.2 mm (range 1.0–14.3 mm) for all peripheral 
and 2.9 mm (range 1.0–5.1 mm) for all central lesions. Therefore, the tumor displacements 
were minimal in this patient population, which was medically inoperable because of severe 
COPD, but one patient with cardiovascular disease had a displacement of 14.3 mm in a lower 
peripheral tumor (Table 2). 
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Table 2. Displacement between inhalation and exhalation (left upper lobe (LUL), left lower lobe (LLL), right upper 
lobe (RUL), and right lower lobe (RLL).

 Displacement (mm)
 Tumor Location Patient Tumor Site Inhalation to Exhalation

 Peripheral 1 LUL 2.2
  2 RLL 4.1
  3 LUL 1.4
  4 RLL 14.3
  5 RLL 7.3
  6 RUL 2.0
  8 LLL 4.5
  11 RUL 1.0
  12 LUL 1.4
  13 LUL 5.1
  15 RLL 5.1
  16 RUL 3.5
  17 RUL 1.0
  19 LLL 6.8
  20 LUL 3.7

 Central 7 RLL 1.0
  9 RLL 2.2
  10 LUL 4.1
  14 RUL 3.2
  18 RUL 3.7

c.  PTV doses
PTV doses for all plans are shown in Table 3. There were no significant differences in PTV doses 
among the three gated plans. However, central tumor location was associated with significantly 
lower average minimum PTV doses compared to peripheral lesions for all plans (p ≤ 0.044). 
Specifically, average minimum PTV doses for upper peripheral, lower peripheral, and central 
lesions were 53.13, 56.04 and 49.41 Gy for Plan I, 53.40, 56.36 and 46.34 Gy for Plan II, and 
53.31, 57.02 and 47.86 Gy for Plan III, respectively. The average mean PTV doses for upper 
peripheral, lower peripheral, and central lesions were 62.34, 62.70 and 61.50 Gy for Plan I, 
63.05, 62.79 and 61.29 Gy for Plan II, and 62.63, 62.41 and 61.67 Gy for Plan III, respectively. 
The average heterogeneity indices were 1.14 for upper peripheral (range 1.10–1.21), 1.11 for 
lower peripheral (range 1.08–1.14) and 1.17 for central lesions (range 1.12–1.26), indicating 
a relatively large heterogeneity in PTV dose distribution. 

Table 3. PTV dose for different tumor sites, locations, and respiratory combinations.

 Average PTV Dose (Gy)

  Minimum Mean Maximum
 Respiratory
 Gating Peripheral Central Peripheral Central Peripheral Central
 Plans
  Upper Lower All All Upper Lower All All Upper Lower All All

 Plan I 53.13 56.04 54.29 49.41 62.34 62.70 62.48 61.50 66.71 65.57 66.26 66.54

 Plan II 53.40 56.36 54.58 46.34 63.05 62.79 62.94 61.29 67.28 66.09 66.80 68.32

 Plan III 53.31 57.02 54.79 47.86 62.63 62.41 62.54 61.67 66.16 65.03 65.71 66.55
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d.  normal tissue doses
The average mean and maximum doses for all the normal tissues according to the tumor location 
and site are given in Table 4. Central lesions resulted in higher mean doses to the uninvolved 
lung in all plans (p = 0.008). Specifically, average mean lung doses for upper peripheral, lower 
peripheral, and central lesions were 2.83, 3.85 and 4.47 Gy for Plan I, 2.65, 3.50 and  4.62 Gy 
for Plan II, and 2.84, 3.59 and 4.56 Gy for Plan III respectively. The average percentage of 
volume of uninvolved lung receiving doses 20 Gy or higher for upper peripheral, lower periph-
eral, and central lesions were 3.92%, 5.60% and 6.74% for Plan I, 3.90%, 4.80% and 7.50% 
for Plan II, and 3.90%, 5.20% and 7.39% for Plan III, respectively (Table 5). The percentages 
of uninvolved lung volumes receiving doses of 5, 10, 15, 20 and 30 Gy or higher for all lesions 
with Plan I are graphically presented in Fig. 3. 

As expected, for patients with central tumors, the esophagus and the ipsilateral bronchus 
had higher average mean and maximum doses than those patients with peripheral tumors for 
all three plans (Table 4). The average mean and maximum doses to the heart were higher for 
lesions in the lower peripheral region of the lung for all plans. Specifically, average heart doses 
for upper peripheral, lower peripheral, and central lesions were 0.64, 2.18 and 0.63 Gy for Plan 
I, 0.67, 2.18 and 0.51 Gy for Plan II, and 0.58, 2.10 and 0.60 Gy for Plan III, respectively. 
Although doses were higher when tumors were in the lower peripheral region, they were not 
statistically significant (p = 0.8). For all plans, upper peripheral lesions resulted in the lowest 
average and maximum spinal cord doses. 

Table 4. Average normal tissue dose for different tumor sites, locations, and respiratory gating plans.

 Average Mean Dose (Gy) Average Maximum Dose (Gy)
Normal Tissues 
  Peripheral Central Peripheral Central
  Upper Lower All All Upper Lower All All

 Plan I 
 Uninvolved Lung 2.83 3.85 3.23 4.47 62.73 62.93 62.81 63.50
 Esophagus 1.62 1.83 1.70 3.71 7.81 8.89 8.24 22.20
 Ipsilateral Bronchus 3.28 1.42 2.53 10.28 4.70 4.12 4.47 19.91
 Heart 0.64 2.18 1.26 0.63 5.93 10.98 7.95 7.56
 Spinal Cord 1.02 1.81 1.34 1.81 9.38 10.45 9.81 13.57

 Plan II        
 Uninvolved Lung 2.65 3.50 2.99 4.62 62.81 62.77 62.79 64.26
 Esophagus 1.48 1.71 1.57 3.71 7.37 8.73 7.92 22.40
 Ipsilateral Bronchus 3.35 1.34 2.54 10.66 5.09 3.67 4.52 24.69
 Heart 0.67 2.18 1.27 0.51 6.52 10.19 7.99 6.81
 Spinal Cord 0.97 1.78 1.30 1.76 8.99 10.48 9.59 13.01

 Plan III        
 Uninvolved Lung 2.84 3.59 3.14 4.56 62.15 62.75 62.39 63.36
 Esophagus 1.51 1.57 1.53 3.46 8.02 8.44 8.19 22.42
 Ipsilateral Bronchus 3.39 1.88 2.79 11.37 6.30 3.92 5.35 25.21
 Heart 0.58 2.10 1.19 0.60 4.68 11.57 7.43 6.99
 Spinal Cord 1.02 1.68 1.28 1.75 9.36 10.32 9.74 12.97
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Table 5. Percentage of uninvolved lung covered by 5 Gy, 10 Gy, 15 Gy, 20 Gy, and 30 Gy.

  Upper Peripheral (%) Lower Peripheral (%) Peripheral (%) Central (%)

 Plan I
 V5  14.66 19.66 16.66 22.37
 V10  7.73 11.46 9.22 12.57
 V15  5.17 7.51 6.11 9.02
 V20  3.92 5.60 4.59 6.74
 V30  2.18 2.94 2.48 3.74

 Plan II    
 V5  13.85 18.15 15.57 22.52
 V10  7.34 10.13 8.46 12.99
 V15  4.83 6.58 5.53 9.59
 V20  3.90 4.80 4.10 7.50
 V30  2.01 2.59 2.24 4.14

 Plan III    
 V5  14.77 18.26 16.16 22.14
 V10  7.86 10.32 8.84 13.13
 V15  5.06 6.86 5.78 9.60
 V20  3.90 5.20 4.42 7.39
 V30  2.22 2.74 2.43 4.06

 

Fig. 3. Percentage of uninvolved lung receiving doses of 5, 10, 15, 20, and 30 Gy or higher, obtained from dose volume 
histograms of plan at full respiratory cycle (Plan I).
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E.  Radiobiological calculations
The EUD and SFED values were similar among the three gated plans. However, central lesions 
were associated with lower EUD and SFED when compared to peripheral lesions. Specifically 
for Plans I, II and III, average EUD values were 57.88, 58.00 and 57.81 Gy for upper peripheral, 
59.74, 59.64 and 59.91 Gy for lower peripheral, and 55.51, 53.87 and 54.87 Gy for central 
lesions, respectively. Similarly, average SFED values for Plans I, II and II were 54.28, 54.40 
and 54.21 Gy for upper peripheral, 56.14, 56.09 and 56.31 Gy for lower peripheral, and 51.91, 
50.27 and 51.27 Gy for central lesions, respectively. As expected, TCP was 100% in all plans 
with this ablative dose. 

IV. dIScuSSIon

In this study, average tumor motion was slightly more pronounced for lower peripheral. This 
respiration-induced tumor motion is more limited in our study compared to other reports where 
tumor displacement up to 3 cm has been described for lower lung tumors.(15) Most of our patients 
(90%) had chronic obstructive pulmonary disease which usually results in hyperinflated lungs 
and, therefore, reduced respiratory motion. The one patient who exhibited greater tumor motion 
was medically inoperable due to cardiovascular rather than pulmonary disease. Consequently, 
tumor and normal tissue doses did not differ significantly among the three gated plans. 

In this study, the average volume for lung was slightly larger in Plan II. This is attributed 
to the expansion of the lung and thoracic cavity at near end inhalation. The average volume of 
the esophagus was slightly smaller in Plan II probably as a result of organ compression from 
the expanded pulmonary parenchyma at near-end inhalation. In the case of the heart, it was 
unknown at what instance (systole or diastole) the image was acquired with respect to inhala-
tion or exhalation. Although the average volume among all three plans differed significantly 
(p = 0.05), based on pairwise comparison, the average volumes under Plans II and III were 
lower than those of plan I but not significantly (p = 0.08 and p = 0.09, respectively). The aver-
age volume of spinal cord and ipsilateral bronchus were not expected to be different but the 
variations were probably due to random nature of independent contouring of each plan.

Tumor location, however, influenced tumor and normal tissue dosimetry in this study. Central 
lesions had lower average minimum PTV doses when compared to peripheral tumors. This was 
due to the strict enforcement of normal tissue dose limits, especially, because the esophagus, 
ipsilateral bronchus, and spinal cord are organs with serially structured functional subunits and 
significant damage in even a relative small segment of the structure would be expected to cause 
severe organ dysfunction. In a phase II study of SBRT for medically inoperable early stage lung 
cancer patients treated with 60 to 66 Gy in three fractions, local tumor control at three years 
was 88.1% with nodal recurrences occurring in 8.6% of patients.(16) Specifically, in this same 
study, high grade toxicity developed in 27.3% of patients with central tumors versus 10.4% of 
patients with peripheral lesions. These toxicities included cases of pneumonia, pleural effusion, 
worsening of pulmonary function tests, hemoptysis, and apnea. In a preliminary report(17) from 
the above study, a grade three to five toxicity was found more pronounced with central lesions, 
and this resulted in the exclusion of patients in RTOG 0236 with PTV volumes encroaching 
on a 2 cm margin around the mediastinum and major airways. 

Various investigators have studied the dosimetric and spatial effects on radiation pneumonitis 
in patients with NSCLC.(7-10) Dosimetric parameters potentially related to radiation pneumonitis 
include mean lung dose, V7, V10 and tumor location. A study of 64 NSCLC  patients treated 
with SBRT at single dose of 20 to 30 Gy(7) demonstrated that the lower lung has increased 
radiosensitivity and therefore a lower dose threshold for toxicity events compared to upper 
lung.(7) In another clinical study, mean lung doses ranged from 4 to 7 Gy and V13, V20, and 
V30 were under 10%.(18) In our study, the lowest mean lung doses were observed in upper 
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 peripheral lesions (≤ 2.84 Gy) and the mean doses for lower peripheral and central lesions 
were ≤ 3.85 and ≤ 4.62 Gy, respectively while V15, V20, and V30 were below 9.6% in all three 
plans, irrespective of tumor location.

Song et al.(19) reported two cases of bronchial stenosis followed by atelectasis in patients 
with perihilar tumors treated with SBRT. Another SBRT study by Onimaru et al.(20) reported 
one patient who developed an esophageal ulcer and died from bleeding. The patient had re-
ceived 48 Gy in eight fractions; the mean esophageal dose was 10.6 Gy and the radiation doses 
to 10, 5 and 1 cc of the esophagus were 14.8, 29.9 and 42.5 Gy. In our study, central lesions 
resulted in higher esophageal doses compared to peripheral lesions in all plans. Specifically, 
mean esophageal doses ranged from 3.46 to 3.71 Gy for central and from 1.48 to 1.83 Gy for 
peripheral lesions. The radiation doses to the ipsilateral bronchus contoured from the carina 
to where it begins to subdivide into the bronchi were higher with central lesions compared to 
peripheral lesions. 

In 2008, Park et al.(5) proposed the concept of USC and SFED for comparison among dif-
ferent dose-fractionation schemes for SBRT. From our heterogeneous target dose distributions, 
we calculated EUD(14) and incorporated it into the calculation of SFED using USC approach. 
In this study, SFED values were lower for central lesions (50.27–51.91 Gy) when compared 
to peripheral lesions (54.21–56.31 Gy). The biological equivalencies of the SFED values in 
terms of CFRT delivered in 2 Gy per fraction are 106 and 110 Gy for upper and lower periph-
eral tumors for all plans, respectively, and 101, 98, and 100 Gy for central tumors in Plans I, 
II, and III, respectively.  

One of the limitations of this study has been the use of pencil beam convolution algorithm 
with modified Batho Power Law (PBC/modified Batho) for dose calculations with heterogene-
ity corrections instead of the anisotropic analytic algorithm (AAA), a scatter-based dose model 
which achieves increased accuracy in scattered dose calculation. A recent Japanese study(21) 
reported a discrepancy in dose of about 2% calculated by PBC/modified Batho compared to 
that calculated by AAA in stereotactic lung irradiation. A prescription dose reduction from 
20 Gy per fraction to 18 Gy per fraction in three fractions is now suggested by the quality 
 assurance working group of the phase III ROSEL study(22) when utilizing AAA or collapsed 
cone  convolution (CCC) dose calculation models instead of PBC/modified Batho.  

The PBC algorithm was also used in some institutions within a Japanese SBRT study 
JCOG 0403.(23) Specifically, Teiji Nishio et al. utilized a lung phantom to study the differences 
between measured doses with film and calculated doses with and without heterogeneity cor-
rections. Without heterogeneity corrections, the planned doses were lower by 10%–18%. The 
investigators chose calculation algorithm with heterogeneity correction for the JCOG 0403 
study due to the availability of this algorithm in all participating institutions. This is the case 
in our study also, where PBC was the only available calculation algorithm at our institution. In 
contrast to the Japanese study however, the main focus of our work was to evaluate the impact 
of three different respiratory gating techniques on tumor and normal tissue dosimetry. Finally, 
the authors acknowledge that although only five to seven coplanar non-opposing beams were 
used in this study for treatment planning, other clinics prefer to apply higher number of beams 
(coplanar and or non-coplanar) to further reduce normal tissue dose.

Advancements in biomedical imaging may soon prove to be useful in radiotherapy treatment 
planning for more accurate definition of tumor and normal tissue volumes. Positron emission 
tomography (PET) detects tumor metabolic activity and is increasingly used in radiotherapy 
treatment planning and in evaluating treatment responses.(24) Additionally, there is interest in 
utilizing single photon emission tomography (SPECT) to identify and protect highly functional 
pulmonary tissue from high radiation dose exposure.(25) The integration of such technologies 
with respiratory gating has the potential of improving tumor control while minimizing toxicity 
for lung cancer patients.
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V. concLuSIonS

Tumor location was the most important factor influencing tumor and normal tissue dosimetry 
in this study of thoracic SBRT in medically inoperable patients with lung cancer. While pe-
ripheral lesions may display more displacement with breathing, central lesions are associated 
with lower tumor doses and higher normal tissue doses due to their proximity to dose-limiting 
healthy tissues. There was no significant difference in tumor and normal tissue dosimetry 
observed among the three respiratory gating plans in this study. This was undoubtedly true 
because tumor motion was minimal in these medically inoperable patients, predominantly due 
to severe COPD. Additional studies utilizing more accurate dose calculation algorithms such 
as AAA are warranted. Although requiring further clinical validation, radiobiological model-
ing with USC and SFED may prove to be a practical and convenient method for comparing 
different dose fractionation schemes. 
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