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Abstract The respiratory cycle is not strictly regular, and
generally varies in amplitude and period from one cycle to
the next. We evaluated the characteristics of respiratory
patterns acquired during respiratory gating treatment in
more than 300 patients. A total 331 patients treated with
respiratory-gated carbon-ion beam therapy were selected
from a group of patients with thoracic and abdominal
conditions. Respiratory data were acquired for a total of
3,171 fractions using an external respiratory sensing
monitor and evaluated for respiratory cycle, duty cycle,
magnitude of baseline drift, and intrafractional/interfrac-
tional peak inhalation/exhalation positional variation.
Results for the treated anatomical sites and patient posi-
tioning were compared. Mean + SD res

piratory cycle averaged over all patients was 4.1 £ 1.3 s.
Mean + SD duty cycle averaged over all patients was
36.5 + 7.3 %. Two types of baseline drift were seen, the first
decremental and the second incremental. For respiratory
peak variation, the mean intrafractional variation in peak-
inhalation position relative to the amplitude in the first
respiratory cycle (15.5 £ 9.3 %) was significantly larger
than that in exhalation (7.5 + 4.6 %). Interfractional varia-
tions in inhalation (17.2 & 18.5 %) were also significantly
greater than those in exhalation (9.4 £ 10.0 %). Statistically
significant differences were observed between patients in the
supine position and those in the prone position in mean
respiratory cycle, duty cycle, and intra-/interfractional
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variations. We quantified the characteristics of the respiratory
curve based on a large number of respiratory data obtained
during treatment. These results might be useful in improving
the accuracy of respiratory-gated treatment.
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Introduction

While radiotherapy techniques have greatly improved over
the last several years, as exemplified by intensity-modu-
lated radiotherapy (IMRT), dynamic arc therapy in photon
beam therapy, and layer-stacking and scanning irradiation
in particle beam therapy, several uncertainties which
decrease treatment accuracy remain. Among these, respi-
ratory motion is clearly the most important, because a
tumor does not receive an adequate dose when it moves
outside the planning target volume due to respiration.
Respiratory motion primarily affects two factors, dose
distribution (dose blurring effects, over-/undershoot etc.)
[1-5] and the quality of imaging (distortions of organ shape
in 4DCT for treatment plan) [6]. These factors combine to
degrade the accuracy of treatment in the thoracic and
abdominal regions.

As a strategy to compensate for respiratory motion
which is applicable to large groups of patients, several
treatment centers have implemented respiratory-gating
techniques under free-breathing conditions. Respiratory
gating is more feasible than voluntary or imposed breath-
holding techniques [7], since breath-holding cannot be
tolerated by patients with compromised respiratory func-
tion. Respiratory gating is also preferable in that the
devices required for this method can be more easily and
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inexpensively integrated into treatment machinery than
those required for other motion compensation techniques,
such as dynamic multi-leaf tracking [8, 9], the moving
couch method [10], tumor tracking with fluoroscopy [11,
12], and robotic control of the linear accelerator [13].

Dose conformation is particularly important in carbon-
ion beam therapy. Our center has performed passive car-
bon-ion beam therapy for more than 15 years, and suc-
cessfully began carbon-ion beam scanning treatment in the
second quarter of 2011 [14]. Dose conformation with
scanning irradiation can be degraded by interplay effects
between respiratory motion and beam-scanning [15, 16].
One approach to improving dose conformity is the use of a
rescan technique [17]. We extended this idea to develop the
phase-control rescan technique, which irradiates the car-
bon-ion beam several times during the gating window [3].
Respiratory-gated passive irradiation with an external
respiratory sensing monitor has been routinely performed
since 1996 [18], but respiratory-gated scanning irradiation
has yet to be implemented. Successful completion of
treatment requires that the respiratory pattern is stable and
reproducible, particularly in scanning treatment with a high
dose concentration.

To assess and minimize the influence of respiratory
motion on dose conformation it is necessary to properly
quantify the characteristics of the respiratory pattern and its
degree of variation. Several authors have investigated these
factors. Basic characteristics of respiratory motion were
summarized by Keall, Mageras, Balter [19]. The stability
and reproducibility of respiratory pattern have been analyzed
based on the motion of external markers or internal fiducials
[20-23]. One characteristic respiratory pattern to be con-
sidered during treatment is baseline drift, which can drasti-
cally degrade dose conformity, particularly in radiotherapy
over an extended treatment time, such as in Cyberknife lung
stereotactic body radiation therapy (SBRT) [24]. We should
also note that respiratory pattern for the same patient varies
not only during a treatment but also between treatments [2].
Furthermore, although some studies have reported a good
correlation between the motion of external markers and that
of internal tumors or the diaphragm [25-27], detailed
examinations have revealed that these in fact differ [28-33].

While several authors have quantified the characteristics
of and variation in respiratory pattern during a treatment, as
well as the relation between external marker motion and
internal tumor motion, these studies were based on data
from several to several tens of patients. Fundamental
information on respiratory pattern and its degree of variation
obtained by statistical analysis of external marker motion in
a large number of patients should allow improvements in the
accuracy of respiratory gating treatment.

Here, we quantified the characteristics of respiratory
pattern based on wave form data from more than 300
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patients acquired from the motion of the external marker
during respiratory gating treatment. We also used this large
amount of data to perform subgroup analysis of respiratory
characteristics (respiratory cycle, duty cycle, and intra-/in-
terfractional variation) with regard to treatment anatomical
site and patient position.

Materials and methods
Patients and data acquisition

A total of 331 patients (mean age: 66.8 years,
S.D.: £ 14.8 years) treated with respiratory-gated carbon-ion
beam treatment were randomly selected from a group of
patients with conditions involving the lung, liver, rectum,
pancreas, B&S (bone and soft tissue sacral chordoma), lymph
node, esophagus, and uterus (Table 1). Respiratory data were
obtained for a total of 3,171 fractions in all patients (supine,
1172; prone, 1999). Carbon-ion beam treatment for these
anatomical sites in our institute is performed under free-
breathing conditions and the patients are fixed by low-tem-
perature thermoplastic immobilization shell (Shellfitter;
Kuraray Co., Ltd., Osaka, Japan) and hydraulic urethane resin
basement (Moldcare; Alcare, Tokyo, Japan). The thermo-
plastic device is molded by softening the shell above 45 C and
fitting it to the patient’s body so that it covers the upper half of
the patient’s body [37]. In our center, basically all patients
with tumors in the anatomical sites which may be affected by
respiratory motion are treated in the respiratory gated treat-
ment. There was, therefore, no threshold value in selecting
patients as for the amplitude of the respiratory motion.

Respiratory curves were acquired from the motion of the
patient body surface using a respiratory sensing monitor,
which consisted of a position-sensitive detector (PSD) sen-
sor and infrared-emitting source on the patient’s body
(Toyonaka Lab, Osaka, Japan) [34]. The PSD camera was
mounted on the treatment couch around the feet of a patient
and detected the motion of the infrared-emitting device. The
wave form was amplified by a zoom lens of the camera so
that we can identify the respiratory peaks. The location of
the infrared-emitting device set on the patient surface was
chosen so that the emitting device did not interfere with the
treatment beam and remained unchanged throughout a
course of treatments. The details of the respiratory moni-
toring system used in NIRS have been reported by Minohara
et al. [18].

The respiratory curve and gating window were recorded
at a sampling time of 5 ms. Irradiation with the treatment
beam was delivered only when the respiratory curve was
under the threshold (gating window). We defined the duty
cycle as the ratio of time when the respiratory curve was
under the gating window to that of the whole respiratory
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Table 1 Patient list and Anatomical  Age (y) No. pt No. resp. data Treatment time/fr. (S)
treatment time per fraction site - -
Mean SD  Total (Supine, Total (Supine, Mean (Supine, SD (Supine,
Prone) Prone) Prone) Prone)
Lung 76.7 9.7 85(38,57) 516 (245, 271) 90 (92, 91) 37 (33, 41)
Liver 69.3 10.6 61 (33, 32) 209 (99, 110) 141 (160, 119) 83 (94, 61)
Rectum 60.8  12.1 44 (11, 42) 628 (74, 554) 74 (85, 74) 21 (39, 20)
Pancreas 66.0 9.8 26 (26, 25) 236 (169, 67) 76 (75, 78) 15 (15, 29)
B&S 59.3  18.2 93 (50, 85) 1336 (412, 924) 94 (101, 98) 34 (40, 37)
Lymph node 61.7 9.8 10 (10, 8) 79 (52, 27) 59 (59, 53) 22 (22, 21)
No. pt. number of patients, B&S Esophagus 66.7 51 71,7 56 (28, 28) 84 (83, 86) 21 (34, 24)
bone and soft tissue, SD Uterus 679 142 7(6,4) 111 (93, 18) 78 (72, 81) 21 (15, 32)
standard deviation, resp. Total 66.8 148 33 (181,258) 3171 (1172,1999) 96 (101,92) 50 (58, 40)

respiratory, fr fraction

cycle. The gating window was set around peak exhalation
to maintain an approximately 30 % duty cycle in each
cycle. When the respiratory curve varied during a treat-
ment, the therapist manually adjusted the gating window to
maintain the original duty cycle. In this procedure it is
assumed that the discrepancy between the external surro-
gate motion and the internal tumor motion is small enough
to be compensated for by the margin in the planning target
volume [18].

Data analysis

We quantified four metrics using these respiratory curve
data, namely (i) respiratory cycle, (ii) duty cycle, (iii)
magnitude of baseline drift, and (iv) intrafractional/inter-
fractional respiratory pattern variation.

Characteristics of the respiratory curve were defined
based on respiratory peak position. To identify the peaks,
we first calculated a 4-s moving average of the amplitude,
and then identified the exhalation/inhalation peaks as the
minimum/maximum point in each region segmented by the
average amplitude. To reduce the effect of signal noise,
such as coughs or hiccups, we removed pairs of peaks
which were too close together from the points thus iden-
tified; in other words, if either the time difference between
adjacent exhalation and inhalation points was less than
0.4 s or their amplitude difference was less than 40 % of
the standard deviation of the set of distances between all
adjacent exhalation/inhalation pairs in the fraction, we
deleted the pair of peaks. The validity of this criterion was
confirmed by checking that peaks with an obviously
smaller amplitude or respiratory cycle than others were
properly removed. Based on this criterion, 95 % of the
respiratory curves contained no invalid peaks, 4 % con-
tained less than 5, and the remaining 1 % contained 5—43.
We analyzed only the respiratory data that were obtained
between the first irradiation and the last irradiation in each

treatment fraction. Since the respiratory sensing monitor
provides the relative position of the surface marker only,
we normalized the respiratory amplitude by the amplitude
of the first respiratory cycle in each fraction as identified
following the procedure above. We dropped respiratory
data with fewer than 10 respiratory cycles from the analysis
to reduce statistical error arising from data with few
respiratory cycles (71 fractions in 3,242 were dropped).

Respiratory cycle

A respiratory cycle was defined as the time between a peak
exhalation and the next peak exhalation (Fig. la). We
denote the respiratory cycle as T = (t, frm, ptn),where f;
is the time of the k-th exhalation peak, and fr,, and pt, are
the fraction number and patient number, respectively. The
respiratory cycle for patient pr, was calculated by first
averaging all respiratory cycles in each fraction and then
averaging these results over all fractions:

Km

T(tk7frm7ptn)7
k=1

1
Kn,m

- 1
T(t7fr7ptn) — ﬁz
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Fig. 1 Definitions of respiratory cycle, duty cycle, gating window,
and base line
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where K, ,, and M, are the total number of respiratory
cycles in the m-th fraction of patient n and the total number
of fractions for patient n, respectively.

Duty cycle

Duty cycle was defined as the ratio of the beam-on treat-
ment time to the total treatment time [35]. We set the
gating window to the amplitude under which the treatment
beam is irradiated (red line in Fig. 1a). Because our current
respiratory gating method is phase-based, the therapist
attempted to adjust the gating window to maintain the
initial duty cycle in response to variations in respiratory
pattern based on the therapist’s own judgment. We calcu-
lated the time in which respiratory curves were under the
gating window for each respiratory cycle, each fraction,
and each patient D(#y, fr,, pt,) (light blue line in Fig. la)
during the treatment, and then averaged these values in the
same manner as for the respiratory cycle. The results were
expressed as a percentage (%):

1

D(aﬁvptn) = ﬁ
n

=
—_

D(tkvfrmaptn)'

m=1

Magnitude of baseline drift

Baseline drift is a well-known phenomenon in which peak
exhalation position gradually drifts in a particular direction
(downward or upward) during treatment [24, 29, 33]. In
this analysis, to assess the magnitude of baseline drift
occurring during a typical treatment time, we analyzed
only those fractions in which treatment lasted more than
two minutes (571 fractions). The behavior of baseline drift
during the two minutes from the first irradiation was
assessed with regard to both global trend and variation
during a treatment.

To assess for a global trend in baseline, we fit a linear
function to the peak exhalation position using the least-
squares method (dotted green line in Fig. 1a). We defined
the magnitude of baseline drift by the slope value of the
linear function expressed in units of percent-per-minute
(= %/min). Since the respiratory curve was normalized by
the amplitude of the first respiratory cycle in each fraction,
the slope value gives the “averaged” variation of peak
exhalation positions per minute relative to the amplitude of
the first respiratory cycle. Negative and positive values
show decreasing and increasing respiratory amplitude,
respectively.

To analyze the variation in baseline in each fraction,
following a procedure similar to that of Zhao et al. [24], we
first averaged the peak exhalation positions in every 20-s
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block and assessed how the average peak exhalation posi-
tions (6 points in each fraction) were distributed during two
minutes after the first irradiation. We took as the origin the
average position in the first 20 s and assessed deviations of
the average position in each time block from the origin.

Intrafractional/interfractional respiratory pattern
variations

To quantify intrafractional and interfractional variation, we
defined two types of standard deviation, as follows.

For intrafractional respiratory variation during a single
fraction, we calculated the standard deviation of peak
positions (either exhalation or inhalation) in each fraction:

1 Kn

SD,,(frm, pty) = Z (P(tx, frm, ptn) — Pnﬂm)z,

where P(t, frm, pt,) denotes the longitudinal position of
the respiratory curve at either peak exhalation or peak
inhalation, and P, is the averaged value of P(t, fru, pty)
in terms of k for the m-th fraction of patient n. We mea-
sured the degree of intrafractional variation by the standard
deviation in each fraction. For a particular patient, the in-
trafractional respiratory variation was defined by the mean
standard deviation over all fractions:

1
Vintra(]’tn) = VZSDp(frmaptn)
=1

With regard to interfractional variation for patient n, we
first calculated the mean peak posiexhalation was more
stabletion (either exhalation or inhalation) in each fraction,
and then the standard deviation for all fractions:

Vimer (ptn) -

Statistical analysis

For respiratory cycle and duty cycle, subgroup analysis was
performed with regard to both anatomical site (eight sites:
lung, liver, rectum, etc.) and patient position (supine/prone)
using the Kruskal-Wallis two-way analysis of variance
(ANOVA) method, with significance level set at p = 0.05.

For the slope value of baseline drift, due to the small
number of fractions, we did not perform subgroup analysis
by anatomical site. When we assessed statistically signifi-
cant differences between two groups, we first confirmed the
normality of the distribution using the Kolmogorov—
Smirnov test. If the null hypothesis that the data has a
standard normal distribution was not rejected, the two
groups were compared using Student’s ¢ test; otherwise,
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they were compared using the Wilcoxon test. Significance
level was set at p = 0.05.

All statistical analyses were performed using Matlab
R2012a (MathWorks, Natick, MA).

Results
Respiratory cycle

The statistics of respiratory cycle are summarized in
Table 2. Mean + SD respiratory cycle averaged over all
patients was 4.1 £+ 1.3 s. Maximum respiratory cycle was
13.6 s (liver case). The number of patients with a mean
respiratory cycle of greater than 10 s was 20. A histogram
of duty cycle is shown in Fig. 2a.

Subgroup analysis of respiratory cycle was performed
using two-way ANOVA with regard to treatment anatomical
site and patient position. A statistically significant difference
was observed between patients in the supine (= 4.3 £ 1.6 s)
and prone positions (= 3.9 & 1.2 s). Among anatomical
treatment sites, a statistically significant difference was
observed only between lung (=3.6 £ 0.9 s) and liver
(=4.6 £2.15).

Duty cycle

Mean £+ SD duty cycle averaged over all patients was
36.5 £ 7.3 %. Maximum and minimum duty cycles were

Table 2 Summary of respiratory cycle (s) and duty cycle (%)

58.2 and 14.5 %, respectively. A histogram of duty cycle is
shown in Fig. 2b, and the results are summarized in
Table 2.

The duty cycle significantly differed between patients in
the supine (=36.6£9.1 %) and prone positions
(=343 &+ 7.8 %). The duty cycle of liver patients
(=41.8 &£ 7.0 %) significantly differed from patients with
cancers at other anatomical sites. The duty cycle of lung
patients (= 37.1 £ 7.2 %) significantly differed from those
of esophagus (= 29.1 &+ 3.2 %), uterus (=29.4 £ 4.9 %)
and liver patients (= 41.8 £ 7.0 %). No statistically signif-
icant difference was observed between any other pair of
anatomical sites.

Magnitude of baseline drift

Applying a linear fitting function to the exhalation points
using the least-squares method, two types of baseline drift
were observed, decremental baseline drift (Fig. 3a) and
incremental baseline drift (Fig. 3b). Both examples show
simple drift of the peak exhalation position as a linear
function of time. In 321 of 576 curves (= 56 %), the slope
value was significantly different from zero (¢ test,
p < 0.05). Among these, 55 and 45 % showed decremental
and incremental drift, respectively. The histogram of the
determination coefficient (Rz) and the scatter plot between
the R? and the slope value are given in Fig. 4a and b,
respectively. In Fig. 4b, the R? values for high slope values
(>50 %/min) are distributed in a region with relatively

Mean value
Total Total

Metrics Anatomical site

Standard deviation

Median Maximum Minimum
Total Total Total

(Supine, Prone)

(Supine, Prone)

(Supine, Prone)

(Supine, Prone)

(Supine, Prone)

Respiratory cycle [sec] Lung 3.6 (3.8, 3.6) 0.9 (1.1, 0.9)
Liver 4.6 (54, 4.1) 2.1 (27, 1.5)
Rectum 3.8 (3.9, 3.8) 0.9 (0.9, 0.9)
Pancreas 4.6 (4.8, 4.3) 1.2 (1.3, 1.1)
B&S 4.1 (42,4.1) 1.2 (1.3, 1.5)
Lymph node 3.9 (4.0, 3.8) 0.9 (1.1, 0.9)
Esophagus 3.9 4.0, 3.8) 1.0 (1.0, 1.0)
Uterus 3.8 (3.5,3.9) 1.0 (0.7, 1.3)
Total 4.1 (4.3, 3.9) 1.3 (1.6, 1.2)

Duty cycle [%] Lung 37.1 (35.1,37.3) 7.2(7.3,7.6)
Liver 41.8 (42.4,40.8) 7.0 (8.5,5.6)
Rectum 36.0 (35.9,35.2) 7.5(95,6.1)
Pancreas 36.0 (39.2,28.1) 7.2 (8.0, 6.2)
B&S 34.2 (33.8,32.9) 6.6 (9.4, 7.6)
Lymph node 34.3 (37.6,28.0) 8.9 (114,5.2)
Esophagus 29.1 (29.9, 28.3) 3.2 (5.8,3.9)
Uterus 294 (32.3,23.3) 49 (5.8, 1.0
Total 36.5 (36.6, 34.3) 7.3 (9.1, 7.8)

3.4 (34, 3.5)
4.0 (4.8, 3.8)
3.7 (3.9, 3.9)
4.5 (4.6, 4.0)
3.8 (3.9, 3.8)
3.4 (3.4, 3.4)
3.8 (4.0, 3.6)
3.5 (34, 3.6)
3.7(3.9,3.7)

38.3 (36.1, 38.3)

41.1 (40.8, 41.1)

352 (33.9, 35.2)

35.2 (38.0, 29.3)

34.0 (34.5, 32.3)

33.8 (38.4, 26.8)

27.7 (29.9, 26.7)

29.6 (31.5, 23.5)

35.9 (36.5, 34.0)

7.1 (7.0, 7.3)
13.6 (13.6, 10.4)
7.0 (5.2, 7.0)
74 (8.1, 7.0)
7.9 (8.2, 11.7)
5.5 (6.3, 5.5)
5.6 (5.3, 5.8)
57 (4.7,5.7)
13.6 (13.6, 5.7)
51.3 (48.4, 51.3)
58.2 (58.2, 48.8)
51.2 (49.3, 51.2)
50.7 (54.6, 40.1)
53.7 (51.5, 54.6)
45.4 (54.0, 37.4)
34.0 (38.5, 34.0)
37.0 (43.1, 24.3)
58.2 (58.2, 54.6)

2.1 (28, 2.1)
2.4 (24, 2.6)
2.5 (2.9, 2.5)
3.1 (3.2, 2.9)
22 (22, 2.4)
3.1 (3.1, 3.0)
2.6 (2.6, 2.5)
2.6 (2.5, 2.6)
2122, 2.1)

14.5 (17.8, 14.5)

17.8 (17.8, 20.5)

25.4 (21.1, 22.7)

26.0 (27.6, 13.1)

21.1 (15.0, 13.7)

21.8 (20.9, 21.8)

24.9 (20.9, 23.2)

21.9 (25.8, 21.9)

14.5 (15.0, 13.1)
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Fig. 2 a Histogram of mean respiratory cycle. b Histogram of mean duty cycle
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Fig. 3 a Example of respiratory data with a decremental baseline drift (= —16.7 %/min). Gating threshold and linear fitting function are shown
in light blue and red lines, respectively. b Example of respiratory data with an incremental baseline drift (= 17.1 %/min)

high R? (>0.5), while for relatively low slope values
(<30 %/min), the R? values are spread over a wide range,
indicating that the peak exhalation position was not nec-
essarily well fitted to a straight line. For the slope value, no
statistical significant difference was observed between
patients in the supine and prone positions.

The distribution of peak exhalation position averaged in
every 20-s block in each fraction is plotted in Fig. 5. In this
figure, we took the average position in the first 20 s as the
origin of the baseline in each fraction. For all fractions
investigated, each time block contained at least one exha-
lation peak (mean: 5.0 peaks, SD: 1.5, range: 1-30). The
range of variation in each time block increased with time
while the mean position remained at almost zero. Of 576
respiratory curves, 16 curves monotonously increased and
15 curves monotonously decreased. The mean + SD of R?
for the monotonously increasing curves and that for the
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monotonously decreasing curves were 0.76 + 0.14 (range,
0.42-0.94) and 0.72 £ 0.21 (range, 0.28-0.92), respec-
tively, showing relatively high correlation.

Correlation between baseline and gating threshold

The correlation between baseline and gating threshold was
investigated. We calculated Pearson’s correlation coeffi-
cient between peak exhalation position and gating level at
the time of peak exhalation. The result is depicted in Fig. 6.
Correlation coefficients of more than 0.5 were observed in
32.9 % of fractions, and negative correlation coefficients in
24.5 %. In respiratory gating treatment in our institute,
gating threshold is adjusted by a therapist according to the
change in respiratory pattern. However, when the peak
exhalation position fluctuates only slightly around the first
position of the treatment, the therapist does not attempt to
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Fig. 4 a Histogram of the determination coefficient (R?) for the linear function fitted to peak exhalation position. b Scatter plot between the
slope value of the fitted linear function (%/min) and the determination coefficient
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I
I
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Time [sec]

Fig. 5 Distribution of peak exhalation positions averaged in every
20-s block for patients whose treatment lasted more than 2 min. In the
box-and-whisker plot, the central mark is the median, the edges of the
box are the 25th and 75th percentiles, and the width of the whisker is
chosen as four times the difference between the 25th and 75th
percentiles. Values which lie outside the whisker are omitted

change threshold level. The correlation can be negative
in situations where the peak exhalation position fluctuates
by a small amount while the gating threshold remains
almost constant.

Intrafractional/interfractional respiratory pattern
variations

An example of respiratory curves during the treatment
course for a single patient (bone and soft tissue sacral
chordoma case) is shown in Fig. 7. The respiratory pattern
was largely stable during the first fraction. However, it
varied in other fractions, particularly in peak inhalation

600 T

Number of fractions

-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
Correlation coefficient

Fig. 6 Histogram of correlation coefficients between peak exhalation
position and the level of the gating threshold at peak exhalation

position. Peak exhalation positions fluctuated as a function
of time in fractions 3, 4 and 11. Intrafractional respiratory
variation averaged over all fractions in this patient were
45.5 and 11.6 % for inhalation and exhalation, respec-
tively, while interfractional variations were 47.6 and
18.9 %, respectively.

The histograms of intrafractional variation are given in
Fig. 8a, b (inhalation and exhalation), and those of inter-
fractional variation in Fig. 8c and d (inhalation and exha-
lation). Table 3 shows the mean £ SD of intrafractional
and interfractional respiratory variations. In both cases, the
variation in respiratory pattern in exhalation (Fig. 8b, d) is
significantly smaller than that in inhalation (Fig. 8a, c)
(Wilcoxon test, p < 0.05), indicating that exhalation was
more stable than inhalation in both cases. In exhalation
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Fig. 7 Examples of respiratory curves during treatment course (12 fractions) in the same patient (bone and soft tissue sacral chordoma case)

(Fig. 8b, d), the intrafractional variation (Fig. 8b) was
significantly smaller than interfractional variation (Fig. 8d)
(Wilcoxon test, p < 0.05); while in inhalation (Fig. 8a, c),
the intrafractional and interfractional variation did not
differ significantly (Wilcoxon test, p > 0.05). In all cases,
the magnitude of variation in the prone position was sig-
nificantly smaller than that in the supine position (Wilco-
xon, p < 0.05), indicating that the prone position was more
stable than the supine position.

The degree of intrafractional variation (at exhalation) as
a function of fraction number is depicted in Fig. 9 for
patients treated in 12 fractions. No statistical significant
difference was observed between intrafractional variation
in the first fraction and that in the last (Wilcoxon,
p > 0.05). The same is true for any other patient group
with other total fraction numbers. This result indicates that
the degree of the intrafractional variation did not neces-
sarily decrease as treatment proceeded.

Discussion

We quantified the characteristics of respiration and its
degree of variation in a large group of patients using
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external respiratory signals acquired during respiratory-
gated carbon-ion beam treatment. The substantial amount
of data in this analysis ensures the statistical reliability of
the results. For respiratory cycle, a statistically significant
difference was observed between lung and liver. For duty
cycle, a statistically significant difference was observed
between liver and any other anatomical site. Peak exhala-
tion position was statistically significantly more stable than
peak inhalation position, and intrafractional variation in
exhalation was statistically significantly smaller than in-
terfractional variation. While a monotonous increase or
decrease in baseline drift was observed in several exam-
ples, no particular direction (increasing or decreasing) was
observed with regard to the trend in baseline drift.

Respiratory pattern

Mean £+ SD respiratory cycle in this study was
4.1 & 1.4 s. This is similar to the results reported by pre-
vious studies based on the respiratory motion during tho-
racic or abdominal radiotherapy treatment: 3.6 + 0.8 s by
Seppenwoolde et al. [20], 3.79 &+ 1.10 by Wu et al. [22],
and 3.8 £ 0.8 s by Suh et al. [23]. Respiratory cycle was
significantly different between patients in the supine and



Australas Phys Eng Sci Med (2014) 37:731-742

739

Intrafractional/Inhalation

50 | [ Prone ||
Il Supine

Number of patients

0 10 20 30 40 50
Standard deviation (%)

(a)

Interfractional/Inhalation

501t [ Prone ||
I Supine

Number of patients

0 10 20 30 40 50
Standard deviation (%)

(¢)

Intrafractional/Exhalation

50 & [ Prone ||
Il Supine

Number of patients

0 10 20 30 40 50
Standard deviation (%)

(b)

Interfractional/Exhalation

501 [ Prone ||
I Supine

Number of patients

0 10 20 30 40 50
Standard deviation (%)

(d)

Fig. 8 Histograms of intrafractional variation (%) at a inhalation and b exhalation. Histograms of interfractional variation (%) at ¢ inhalation

and d exhalation

Table 3 Results for
intrafractional and

interfractional respiratory curve
variations

Phase Total Supine Prone
Intrafractional variation (%) Inhalation 155493 18.7 £ 12.4 13.0 £ 7.1

Exhalation 75+ 4.6 8.6 £5.6 6.6 + 4.9
Interfractional variation (%) Inhalation 17.2 £ 18.5 20.9 £+ 24.6 12.6 £ 10.6

Exhalation 9.4 4+ 10.0 10.1 + 12.7 77 + 64

prone positions. In the present study, patients were
immobilized to improve positional reproducibility. Since
we have previously shown that immobilization tends to
suppress the range of tumor motion [37], it might also
affect the properties of the respiratory pattern, such as its
stability. In the prone position, the patient’s own weight
suppresses inhalation, and this suppression might likely
explain the shorter respiratory cycle in the prone than in the
supine position.

With regard to duty cycle, typical beam duty cycle
values during gated treatment vary between 30 and 50 %
[38, 39]. Duty cycle in this study (= 37.5 &+ 7.3 %) was
within this range, because the therapist acted to maintain it
against variation in respiratory pattern by adjusting the
gating window.

With regard to baseline drift, the median of peak
exhalation positions averaged in each 20-s block remained
almost the same as that in the first time block, while the
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Fig. 9 Distribution of intrafractional variation as a function of
fraction number in patients treated in 12 fractions. Intrafractional
variation was defined by the standard deviation of peak exhalation
position in each fraction. In the box-and-whisker plot, the central
mark is the median, the edges of the box are the 25th and 75th
percentiles, and the width of the whisker is chosen as four times the
difference between the 25th and 75th percentiles. Values which lie
outside the whisker are omitted

range of the distribution spread with time (Fig. 5). On the
other hand, Zhao et al. reported that baseline drifted stea-
dily with time toward the increasing (= inferior) direction
over a large time scale (30 min) based on 51 lung SBRT
treatments with Cyberknife Synchrony [24]. The reason for
this discrepancy may be that the time scale of the treatment
analyzed for baseline drift in the present study (2 min) was
much shorter than that in Zhao’s study. Further, their data
were obtained using the correlation model integrated in the
Cyberknife Synchrony, which calculates internal tumor
motion from the external surface motion; and patients in
our study were immobilized while those in Zhao’s study
were not.

With regard to variations in respiratory pattern, several
reports have noted that these could be induced by various
anatomic and physiologic factors [36, 40]. Although our
medical staff attempt to make patients feel comfortable
during treatment through verbal communication, most
patients are nervous during the first few treatment fractions,
including the CT scan and simulation processes, which
might cause undesirable variation throughout the whole
course of treatment. New treatment strategies which reduce
variation in the patient’s condition are therefore desirable.

Impact on dose conformation
Intra-/interfractional respiratory motion can affect dose

conformity, and has been investigated in several studies in
the photon [1] and particle therapy fields [3—5]. The most
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serious problem in respiratory pattern variation is respira-
tory amplitude variation.

Current treatment planning is usually based on a single
respiratory cycle or a certain respiratory phase (generally
peak exhalation), and a margin is added around the target
so that the tumor receives an adequate dose. Presently,
however, the size of this margin is determined without
observation of tumor motion throughout the treatment
course. Although no concrete strategy has yet been estab-
lished, it is desirable that the extent of the margin be
determined before treatment in a manner which takes
proper account of respiratory pattern variation throughout
the whole treatment. While 4DCT data via the acquisition
of multiple respiratory cycles can provide a solution to this
problem, consideration needs to be given to the very high
patient dose it entails. Several studies have assessed the
effects of respiratory motion on dose conformity in photon
beam treatment using a computational phantom [41-43].
We are now developing a new methodology for estimating
dose variation due to respiratory motion using multiple
external respiratory cycle data and a computational phan-
tom in carbon-ion beam treatment.

Improvement in respiratory stability

The human respiratory cycle is not strictly regular, but
generally varies in amplitude and period from one cycle to
the next, as seen in our results. Several approaches such as
active breathing control (ABC) [44] and respiratory
coaching [25, 39, 45] would likely improve respiratory
variation.

Study limitations

Several limitations of this study warrant mention. First, the
respiratory monitoring system used in this study provides
the relative position of the surface marker only. We nor-
malized the respiratory amplitudes by the amplitude of the
first respiratory cycle in each fraction, rather than by the
mean amplitude within the fraction, assuming that the first
respiratory cycle represents a typical wave form since we
started to record the respiratory wave just before irradiation
after confirming that the respiratory pattern could be con-
sidered stable. It would be desirable if our system could
have measured the amplitude in cm; however, the results
obtained based on the phase information such as respira-
tory cycle and duty cycle still remain unchanged and the
comparison of the variation is still valid even if we use
relative amplitude. Second, we used respiratory data
acquired using an external respiratory sensing monitor,
which reflects motion of the patient’s chest or abdominal
surface. Although several studies have reported that the
external marker represents internal motion [25-27], recent
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studies have shown a discrepancy between external respi-
ratory motion and internal tumor motion [28-33]. These
studies were based on small populations, however, and
further study is necessary, particularly with regard to
accurate estimation of the impact of the discrepancy on
dose conformity in a large population of patients. This is
beyond the scope of the present study, however. Third, this
study shows that the position of the exhalation peak varies
by 7.5 & 4.6 % in amplitude around the mean position of
peak exhalation within a single fraction, and that the mean
position of peak exhalation in a fraction also varies by
9.4 £ 10.0 % between fractions. Although this does not
directly describe the variation in tumor motion itself, it
does provide motivation for the observation of tumor
motion using a monitoring system during treatment, such
as fluoroscopy, and for irradiation of the treatment beam
when the target is in a desirable position, rather than simply
on the basis of respiratory phase. Even if the correlation
between the external respiratory signal and tumor position
is good, the respiratory pattern variation described here
might induce under-dosing to the tumor when phase-based
gating is used.

Conclusions

We quantified a large number of respiratory data obtained
during respiratory-gated carbon-ion therapy and assessed
their degree of variation. This information will aid the
radiotherapy community in the planning of respiration
management strategies. Consideration of intra-/interfrac-
tional respiratory variation in delivery of the treatment
beam to the target will improve treatment accuracy.
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