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Abstract

Our purpose in this study was to evaluate the variation of calculated doses caused by
respiration in stereotactic body radiotherapy (SBRT) of the lung. The study targeted 10
patients who underwent SBRT for lung tumors. CT images were acquired during free
breathing, and in the inhalation and exhalation phases. We compared the CT image at
inhalation with the image at exhalation so as to measure the change in lung volume,
variation of the CT value, and displacement of the chest wall. The lung volume change
was shown to be correlated with the maximum of the chest wall motion and with the
variation in the CT value. A statistically significant difference was observed in the CT
values between inhalation and exhalation (p<0.05). The total dose variation at the
isocenter was confined within +2%. However, the dose from individual beams can vary

significantly when the chest wall moves more than 10 mm in natural breathing.
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1. Introduction

Stereotactic body radiotherapy (SBRT) for isolated tumors has been widely used in
recent years because it provides good local control and a survival rate comparable to
that for surgery [1, 2]. In radiotherapy of lung cancers, the respiratory motion of the
tumors causes a large uncertainty. Therefore, the influence of respiration on the dose
delivery and a sufficient margin around the tumor must be considered in SBRT for lung
tumors [3]. The internal target volume can be determined, for example, via monitoring
with four-dimensional computed tomography (4DCT), or with the acquisition of CT
imaging times both at inhalation and exhalation. For sparing of normal tissue, there are
various techniques such as the use of a body frame, breath holding, infra-red light
monitoring of the chest wall, and real-time tumor tracking with implanting of fiducial
markers [3-7]. However, unfavorable outcomes, such as inconsistent breathing,
discrepancies between chest wall motion and tumor motion, and misalignments between
the tumor and an implanted fiducial marker have been reported with these techniques [3,
8,9].

Furthermore, the treatment dose may be affected by the fact that the lung includes a
large portion of low density regions. Chang et al. reported that variations in tissue
densities are not significant in many sites outside the thorax, and that lung tissue
typically has a physical density of approximately 30% that of soft tissue [10]. Recent
calculation algorithms (e.g., the Monte Carlo method) provide more precise dose
calculations [11], suggesting that a slight change in density may significantly influence
the dose distribution. Therefore, a three-dimensional heterogeneous correction is
necessary in dose calculations for the lung [12, 13].

Our purpose in this study was to evaluate the variation in the calculated dose due to



respiration in SBRT of the lung. We showed that the dose calculation is influenced by
the change in lung volume, the variation of the CT value of the lung, and the movement
of the chest wall due to the respiration. We evaluated the variation in the dose by using

CT images of the lung with tumors at the inhalation and exhalation phases.

2. Materials and Methods
2.1 Patient characteristics and irradiation regimens

The study targeted 10 patients with lung cancer who underwent SBRT from
September 2012 to April 2013. This study was approved by the ethics committee of the
Hokkaido University Hospital. For each patient, CT images during free breathing, and
at the inhalation and exhalation phases, were acquired (GE Healthcare, Optima
CT580W, operated at 120 kV) with 2.5 mm-slice thickness. We gave sufficient
explanation to the patients for performing natural inhalation and exhalation breath
holding. The median patient age was 77 years (range: 55-89 years), and the male/female
ratio was 4:1. The tumors were located in the upper lobe (n=8) and lower lobe (n=2).
Irradiation regimens were 40 Gy in four fractions to the 95% volume of the planning
target volume (PTV) (n=5), 48 Gy in four fractions at the isocenter (n=2), and 48 Gy in
eight fractions at the isocenter (n=3). CT images with free breathing were used for
treatment planning with six X-ray beams. All cases were planned for a 6 MV photon
beam irradiation. The gross tumor volume (GTV) was first defined as the visible tumor
on the CT images under free breathing. Then, the internal target volume (ITV) was
determined by superimposition of the GTVs based on the CT images at the inhalation
and exhalation phases. The clinical target volume (CTV) was obtained as the GTV plus

ITV, and the PTV was configured as the CTV plus a 5-mm margin. Before the treatment,



we used an image guided system (OBI: on board imaging, Varian Medical Systems).

2.2 Measurements of lung volume and chest wall motion

The lung was delineated manually, and the volume of each lung was measured by a
volume rendering software in the CT workstation (GE Healthcare, Advantage SIM).
Then, the inhalation/exhalation (I/E) ratio of the lung volume was calculated. In this
study, the chest wall motion was defined as the variation in the distance of the chest

wall surface from the midline of the body.

2.3 Lung density analysis

During the periods of inhalation and exhalation, CT values were measured at three
locations (anterior, exterior, and posterior) in three slices (at the tracheal bifurcation, at
the intermediate between the tracheal bifurcation and the lung apex, at the intermediate
between the tracheal bifurcation and the lung base), by use of the CT workstation (GE
healthcare, Advantage SIM). The area of the region of interest (ROI) was 2 cm?. The
ROI area was configured to represent three locations, avoiding the large vessels.

Example ROIs are shown in Fig.1.

2.4 Dose calculation

The dose calculation by use of a superposition algorithm was performed with a
radiation treatment planning system (Elekta, XiO, ver. 4.70). The beam arrangements
(e.g., field size, isocenter, gantry angle, and irradiation monitor unit) were the same as
those of treatment-planning with free-breathing CT images. In this study, we did not

consider the variation of the clinical target volume arising from breathing motion. The



total dose and the dose of each field (i.e., six beams in this planning) at the isocenter
were obtained. Patients actually received the free-breathing treatment. We compared the
calculated doses at inhalation and exhalation with those of the free-breathing. The
variation of the dose was evaluated by a difference from the calculated dose in free
breathing as a reference. The volumes of the lung receiving 20 Gy (V20) and receiving

5 Gy (V5) were also measured at inhalation and at exhalation.

2.5 Statistical analysis

For statistical analysis, JMP Pro v10 (SAS Institute, Cary, North Carolina, USA)
was used. The variation of the mean CT values and the calculated doses in free
breathing as a reference were observed at inhalation and exhalation. The differences in
these quantities between inhalation and exhalation were analyzed with a paired t-test,

which was considered to be statistically significant when p<0.05.

3. Results
3.1 Variations of the lung volume and the CT value with respiration

In this study of 10 patients, the median I/E ratio of the lung volume was 1.28 (range:
1.03-1.65). CT values ranged from -917 HU to -475 HU. Figure 2 shows the
relationship between the lung volume I/E ratio and the maximum motion of the chest
wall, and the relationship between the lung volume I/E ratio and the variation in the CT
value. As the lung volume I/E ratio increases, the maximum of the chest wall motion
and the variation of the CT value have tendencies to become larger. The coefficient of
correlation for the maximum of the chest wall motion was r=0.82, and for the variation

of the CT value, r=0.78. Figure 3 shows the variation of the CT value during respiration



(e.g., from inhalation to exhalation). Eighteen ROIs were measured for each patient.
The CT value of each ROI was obtained by averaging of those of the right lung and left
lung on the same slice. A statistically significant difference in the variation of the mean
CT values between inhalation and exhalation was observed in all ROIs (p<0.05, paired

t-test).

3.2 Dose calculation

The total dose difference at the isocenter with respect to the lung volume I/E ratio is
shown in Fig.4. All points are within £2%, regardless of inhalation or exhalation. Figure
5 shows the dose difference of each field versus the maximum of the motion of the chest
wall. A statistically significant difference in the dose variation between inhalation and
exhalation was observed (p<0.05, paired t-test). If the maximum displacement data of
the chest wall are divided into two groups, below 10 mm (n=6) and above 10 mm (n=4),
the dose difference between inhalation and exhalation is larger for the latter group
(p<0.05, paired t-test). Figure 6 shows the difference of V20 (exhalation minus
inhalation (E-I)) and the difference of V5 (E-I) with respect to the lung volume I/E ratio.
The difference of V20 (E-I) and the difference of V5 (E-I) are likely to be larger with
increasing lung volume I/E ratio. The coefficient of correlation for the V20 (E-I)

difference is r=0.80, and for V5 (E-I) it is r=0.84.

4. Discussion
In this study, the variation of the lung volume, CT value, and chest wall in
respiration were investigated. The variation of the lung volume was shown to be

correlated with the maximum of the chest wall motion and also with the variation of the



CT value. However, the influence of respiration on the dose calculation was confined
within £2%.

Aarup et al. [12] reported that the lung density is variable from 0.4 to 0.1 g/cm?
during the treatment period between the expiration phase of breathing (or in free
breathing with a mean lung density similar to that of expiration) and deep inspiration
breath-hold. Our study showed that the lung density ranges from 0.5 g/cm? to 0.1 g/cm?
according to a conversion table registered with the treatment planning system.

The maximum of the chest wall motion ranged from 0.5 mm to 21.0 mm. Although
the manner of breathing includes thoracic respiration and abdominal respiration, these
were not considered in our study. Plathow ef al. [14] reported on the influence of
different breathing techniques (i.e., abdominal breathing, thoracic breathing, and natural
breathing) on internal and external organ motions by using dynamic MRI with fiducial
markers. They showed that there is no significant difference among the three breathing
techniques for quiet breathing. It was also shown that the maximum antero-posterior
distances of the lung in normal breathing at inspiration are 11.6 = 1.1 cm and at
expiration, 9.8 + 0.8 cm. Their results are in fairly good agreement with ours.

The total dose variation at the isocenter was within 2% between inhalation and
exhalation in our study. Mexner et al. [15] reported that relative differences in the
minimum gross tumor volume dose were less than 2% for all patients, and that the
overall effect accumulated over the respiratory cycle was very small. We evaluated the
point dose at the isocenter, which provides a result similar to theirs. However, it should
be noted that the dose may vary significantly when the chest wall motion is more than
10 mm.

Radiation pneumonitis has been a major problem following SBRT [16-18]. The



dose-volume histogram (DVH) is widely used for assessment of the risk of the
pneumonitis. We evaluated the difference in V20 and the difference in V5 between
inhalation and exhalation. Mexner ef al. [15] reported that the relative difference is not
more than 1% for V20. Our study also indicates that the mean of the difference of V20
1s 0.9% (ranging from -0.3% to 3.9%) and that of V5 is 1.8% (ranging from -2.5% to
5.1%). V20 and VS5 are correlated with the lung volume change.

In general, the variation of the total dose was observed to be small in our study. This
may be because most tumors were located in the upper lobe. Tumors located in the
lower lobe may lead to different results. Although the use of 4DCT might be of help for
performing dynamic dose calculations [19, 20], in our experience 4DCT data

acquisition is difficult unless breathing is performed regularly with a large amplitude.

5. Conclusion

In this study, the variation in the dose estimation during natural respiration was
evaluated. The results show that tumors located in the upper lobe affect the dose
calculation slightly in the respiration period, and the total dose variation at the isocenter
is within £2%. However, it was observed that respiration influences the dose calculation
when the chest wall motion is large (above 10 mm) in natural breathing. This study
shows that the maximum dose difference between inhalation and exhalation was within
1+2%. In other words, it was suggested that the entire total dose difference might be
smaller than 2% during treatment under free-breathing. Therefore, we believe that the
effect of the respiration phase on the dose evaluation lies within the acceptable range for

therapy.
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Figure legends

Fig.1 Measurement points in CT images (example of ROIs).

(a) Three slices for measuring: the upper slice is located at the midpoint between the
tracheal bifurcation and the lung apex; the middle slice is at the tracheal bifurcation; and
the lower slice is at the midpoint between the tracheal bifurcation and the lung base. (b)

Three locations in a slice: anterior, exterior, and posterior.

Fig.2 Maximum chest wall motion (displacement) and variation of CT value.

(a) Maximum chest wall motion and (b) variation of the mean CT value are plotted as a
function of the lung volume inhalation/exhalation (I/E) ratio. The coefficients of
correlation are 0.82 for the maximum chest wall motion and 0.78 for the variation of the
CT value.

Fig.3 Variation of CT value between inhalation and exhalation.

The mean CT values are indicated for nine locations. A statistically significant
difference in the variation is observed in every ROI between inhalation and exhalation
(p<0.05, paired t-test).

Fig.4 Total dose difference at the isocenter.
Difference of the total dose at the isocenter for each lung volume I/E ratio is within +2%

in the inhalation and exhalation phases.

Fig.5 Dose difference for each field at the isocenter.

A statistically significant difference in the dose difference is observed between
inhalation (a) and exhalation (b) (p<0.05, paired t-test). If the maximum of the chest
wall motion is divided into two parts at 10 mm, a statistically significant difference can

be observed between motions below 10 mm and above 10 mm (p<0.05, paired t-test).

Fig.6 Difference in volume (exhalation minus inhalation).

(a) Difference of V20 (E-I) and (b) difference of V5 (E-I) are shown as a function of the
lung volume I/E ratio. (V20: the volume of the lung receiving 20 Gy, V5: the volume of
the lung receiving 5 Gy) As the lung volume I/E ratio increases, the difference of V20
(E-I) and the difference of V5 (E-I) seem to be larger. The coefficients of correlation are
0.80 for V20 (E-I) and 0.84 for V5 (E-I).

13
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