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Purpose: The purpose of this study is to investigate the correlation between the respiratory waveform measured
using a respiratory sensor and three-dimensional (3D) tumor motion.
Methods and Materials: A laser displacement sensor (LDS: KEYENCE LB-300) that measures distance using
infrared light was used as the respiratory sensor. This was placed such that the focus was in an area around the
patient’s navel. When the distance from the LDS to the body surface changes as the patient breathes, the
displacement is detected as a respiratory waveform. To obtain the 3D tumor motion, a biplane digital radiog-
raphy unit was used. For the tumor in the lung, liver, and esophagus of 26 patients, the waveform was compared
with the 3D tumor motion. The relationship between the respiratory waveform and the 3D tumor motion was
analyzed by means of the Fourier transform and a cross-correlation function.
Results: The respiratory waveform cycle agreed with that of the cranial-caudal and dorsal-ventral tumor motion.
A phase shift observed between the respiratory waveform and the 3D tumor motion was principally in the range
0.0 to 0.3 s, regardless of the organ being measured, which means that the respiratory waveform does not always
express the 3D tumor motion with fidelity. For this reason, the standard deviation of the tumor position in the
expiration phase, as indicated by the respiratory waveform, was derived, which should be helpful in suggesting
the internal margin required in the case of respiratory gated radiotherapy.
Conclusion: Although obtained from only a few breathing cycles for each patient, the correlation between the
respiratory waveform and the 3D tumor motion was evident in this study. If this relationship is analyzed carefully
and an internal margin is applied, the accuracy and convenience of respiratory gated radiotherapy could be
improved by use of the respiratory sensor. Thus, it is expected that this procedure will come into wider use.
© 2004 Elsevier Inc.

Respiratory gated radiotherapy, Respiratory sensor, 3D tumor motion, Fourier transform, Cross-correlation
function.
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INTRODUCTION

espiratory gated radiotherapy is widely used in external beam
adiotherapy to improve local tumor control and to reduce the
ormal tissue complications (1). One of the technical problems
o be solved for radiotherapy is to match the planning target
olume more closely to the clinical target volume (2, 3). It is
ecessary to consider how large the margins added to the
linical target volume should be. Many different kinds of
nvestigations on the positioning of patients have been con-
ucted over a long period of time; therefore, the setup margin
as a tendency to converge to a recently given value (4, 5). On
he other hand, even now there are still variations and uncer-
ainties in the internal target volume. Seppenwoolde et al. in

Reprint requests to: Yoshikazu Tsunashima, M.Sc., Proton Medical
esearch Center, University of Tsukuba, 1-1-1, Tennoudai Tsukuba,

baraki, 305-8575, Japan. Tel: (�81) 29-853-7118; Fax: (�81) 29-
951
heir article present three-dimensional (3D) motion of lung
umor (6). To make respiratory gated radiotherapy simple and
idespread, much more research is needed on respiratory

umor motion in each organ (7).
The real-time tumor tracking radiotherapy (8, 9) and

he cyber knife (10) can monitor tumor motion during
adiotherapy. These tracking methods are based on the
otion of an implanted marker, which is the most accu-

ate method in respiratory gated or tracking radiotherapy.
owever, not only is the system costly, but it also in-
olves an invasive procedure that may not be feasible in
any radiation oncology facilities, in particular outpa-

ient clinics.
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In Japan, for respiratory gated radiotherapy, respiratory sen-
ors have long been used to obtain information about the
atient’s breathing from the body surface in the form of a
espiratory waveform (11, 12). However, little is known about
he correlation between the respiratory waveform measured
sing a respiratory sensor and 3D tumor motion. Assuming
hat the correlation is good, respiratory gated radiotherapy
sing a respiratory sensor can be easily conducted because of
ts simplicity and low cost. The purpose of this study is to
nvestigate the correlation between respiratory waveform and
D tumor motion. For tumor in the lung, liver, and esophagus
f 26 patients, the standard deviation (SD) of the tumor posi-
ion in the expiration phase as indicated by the respiratory
aveform was evaluated. This should be helpful in suggesting

he margin required to compensate for organ movement and
or the uncertainties introduced by using a respiratory sensor in
ated radiotherapy.

METHODS AND MATERIALS

ensing the respiratory waveform
An illustration of the respiratory gated irradiation system

sed at the Proton Medical Research Center is shown in Fig. 1.
laser displacement sensor (LDS: KEYENCE LB-300 [Fig.

A]) was used for the respiratory sensor (13, 14). This is not a
hree-dimensional position-sensitive detector but the displace-

Fig. 1. Schematic diagram of the respiratory gated syste
Tsukuba. (A) Laser displacement sensor (KEYENCE LB
irradiation. Delay a can be changed from 0 to 100 ms a
ent sensor and can obtain just one-dimensional information
bout distance from detector head to a subject. The LDS uses
nfrared light (Wavelength is 780 nm) to measure distance and
oes not need the external marker, e.g., light-emitting diode
12, 15). The LDS was placed such that it could be focused on
n area around the patient’s navel (5–10 cm in radius). When
he distance from the LDS to a point on the body surface
abdominal wall) changed as the patient breathed, the LDS
etected this displacement as respiratory information. This
nformation was converted into digital data by an A/D con-
erter and was then put into a gate generator in the form of a
espiratory waveform. The waveform was expressed, through
oftware developed by us, in 110-ms intervals. A gating signal
as given to enable the accelerator to irradiate when the

espiratory waveform dropped below a certain threshold,
hich could be changed at will (Fig. 1B). In this system, the

nterlock system worked toward the irregular breathing. This
espiratory gated irradiation system is available for the pa-
ient’s regular breathing.

easurement of 3D tumor motion
To obtain the tumor motion, a biplane digital radiog-

aphy (BDR) unit (Fig. 2), which is used to do the setup
t the beginning of treatment, was used. The X-ray sys-
ems, which cross at right angles (A-P and L-R) in the
DR, enabled us to obtain the 3D target motion. During

e Proton Medical Research Center at the University of
and Gate generator unit. (B) Timing chart of the gated
Delay b is systematically 100 ms.
m at th
-300)
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953Respiratory waveform correlation ● Y. TSUNASHIMA et al.
he irradiation, however, these systems were put into a
antry and moved out of the beam line to avoid geomet-
ical interference with the beam line and to avoid radia-
ion damage to the image intensifiers, etc.; therefore,
umor motion cannot be monitored, and 3D tumor motion
ata cannot be obtained in real time during treatment. We
ould not measure much 3D tumor motion data for 1
atient during 1 fraction, because of the patient’s anxiety
bout X-ray dose. Hence, by using the BDR unit, the
arget motion for several respiratory cycles was acquired
t 5 frames per second after the patient’s setup. The
bove method was frequently— e.g., once or twice a
eek—performed during treatment to obtain as much
ata as possible for each patient’s 3D target motion and
o confirm daily reproducibility of patient breathing.

easurements of the target motion were made in the
ateral, cranial-caudal, and ventral-dorsal directions,
hich are labeled as x, y, and z, respectively, using the

oordinate system in ICRU62 (3). The target motion in
ach direction was compared with the respiratory wave-
orms.

atients and tumors
The tumor characteristics are listed in Table 1. From 26

atients receiving proton therapy at Proton Medical Re-
earch Center in the last 3 years, 32 organs whose tumors
ere directly or indirectly visible with the BDR were se-

ected for analysis. The analysis of tumor motion in each
rgan was conducted in the following way.

Fig. 2. Biplane digital radiography unit. A pair of X-ray
3D images can be obtained.
In the lungs, the tumors were directly visible with the
DR. Various distinctive points on a tumor were regarded
s measurement points, and the barycentric coordinates
alculated on those points were regarded as determining the
ung tumor motion.

In the liver and esophagus, tumor motion can be indi-
ectly obtained by analyzing an inserted marker (i.e., a seed,
oil, etc. was inserted into or near the tumor).

In this investigation, 3D tumor motion and respiratory
aveform data were obtained from patients who essentially
ave no impairment of respiratory organ function, because
egular and stable breathing are essential for the acquisition
f patient respiratory data.

mage intensifiers (II) cross at right angles, from which

Table 1. Tumor characteristics investigated in this study

Organ Number

ung
Upper lobe

Left lobe 2
Right lobe 3

Middle and lower lobe 5
iver
Left lobe 3
Right lobe 9

sophagus
Middle intrathoracic esophagus 5
Lower intrathoracic esophagus 5

otal 32
tube/i
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ata analysis
As a method of data analysis regarding the correlation

etween respiratory waveform and tumor motion in each
irection (x, y, and z), Fourier transform (FT) was applied to
he comparison of the periodicity of respiratory waveform
ith that of each tumor motion (16). The phase difference
etween respiratory waveform and each tumor motion was
nalyzed by means of a cross-correlation function (CCF)
16, 17). The CCF is a function of estimating the degree to
hich two functions are correlated as a function of the time

hift �sec, i.e., CCF(�), where one function is a respiratory
aveform and another function is each tumor motion (Both

unctions are converted to the relative value). The CCF(�)
eaches maximum only if function of waveform agrees with
hat of each tumor motion for a given �.

RESULTS

Figure 3 shows data for the relationships between
umor motion in each direction and respiratory wave-
orm. The first vertical axis is the respiratory signal level
arbitrary unit). The second vertical axis indicates the
umor position. For most patients in this study, tumor
otion in the y and z directions was synchronized with

he respiratory waveform, as in Fig. 3. The tumor motion
n the x direction as a result of respiration was slight and
ery diverse, depending on the tumor site and/or the
atient. To conduct a closer investigation of these results,
he periodicity of the data was compared by means of the
ourier transform, and the phase differences between the
espiratory waveform and each tumor motion were ana-
yzed via a cross-correlation function.

Fig. 3. Relationship between three-dimensional (3D) tum
is in the right liver. This is the case where the respirato
T analysis
The FT of the tumor motion in each direction in the lower

obe of the lung and the respiratory waveform are shown in
ig. 4. The arrows indicate the primary frequency elements
f the spectrum, and these are conveniently converted into
ycle time (seconds [s]). The tumor motion cycle times in
he y and z directions, Ty and Tz, are in good agreement with
he respiratory waveform cycle time (T). The same tendency
as found in the results of the FT analysis for 26 patients.
his result demonstrates that the respiratory waveform ob-

ained via a respiratory sensor could detect the periodic
otion of a tumor accurately. Cyclic tumor motion in the x

irection, which depended on the patient and the organ
eing monitored, was hardly observed, but even if it was
etected, it was insignificant in comparison with motion in
he y and z directions. Frequency elements of respiration in
he upper lobe of the lung derived from an FT were small,
howing that periodic tumor motion in the upper lobe
aused by respiration was less than that in the lower lobe of
he lung, the liver, and the esophagus. In the left lower lobe
f the lung and the lower intrathoracic esophagus, which are
djacent to the left ventricle, as described in the paper by
eppenwoolde et al. (6), secondary frequency elements of

he heartbeat were detected in the spectrum (tx, ty, tz �
.8�1.0 s).

CF analysis
Figure 5 shows the case in which the respiratory wave-

orm does not synchronize with the tumor motion. Similar
esults were obtained in this study. Given that the respira-
ion cycle of the waveform corresponds with the tumor
otion, it is evident that there is a phase shift between the

tion and respiratory waveform in a patient whose tumor
eform agrees with the 3D tumor motion.
or mo
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espiratory waveform and the 3D tumor motion. Hence the
hase shift was analyzed by a CCF between the tumor
otion for each coordinate element and the waveform.
igure 6 shows the CCF of the y and z directions in Fig. 5.
his demonstrates that the phase shift, denoted by �(sec), is
0.8 s, and this means that the waveform is 0.8 s ahead of

Fig. 4. Results of frequency analysis of tumor motion an
is in arbitrary units. The FT data are shown by relative

Fig. 5. Example of a patient’s waveform
he tumor motion (� � 0 means that the waveform is later
han the tumor motion; � � 0 means that it is ahead of the
umor motion). In the same way, the phase shifts derived
rom the CCF were investigated for each organ for all the
atients, and the results are summarized in Fig. 7 for the y
irection. Notice that the phase shifts between the respira-

iratory waveform by means of an FT. The vertical axis
rs.

id not synchronize with tumor motion.
d resp
that d
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ory waveform and the 3D tumor motion are principally in
he range 0.0 to 0.3 s, regardless of the organ being mea-
ured. However, the existence of considerable phase shifts
of nearly 1.0 s and above) cannot be ignored.

DISCUSSION

In the present work, the correlation between the respira-
ory waveform measured using a respiratory sensor and the

ig. 6. Results of the Cross-Correlation Function (CCF) between
he respiratory waveform and the tumor motion shown in Fig. 5.
he phase of the tumor motion in the y direction is generally

nverted with respect to waveform. To calculate the CCF between
he tumor motion for the y direction and the waveform, the phase
f the tumor motion in the y direction was reversed by multiplying
he data for the y direction by �1.

Fig. 7. Statistics on the phase shift between the waveform
data sets were obtained for each particular organ.
D tumor motion was investigated. The results indicate that
he respiratory waveform did not always accurately corre-
pond with the 3D tumor motion. Accordingly, we should
nclude a new factor to compensate for this uncertainty, the
nternal margin (IM), when using the respiratory sensor.

The present results show that it might be difficult to
btain information on a patient’s inspiration from the respi-
atory waveform, because the stable (tumor stopping) pe-
iod in inspiration is very short, and the accuracy with which
he position of the tumor can be detected during inspiration
s considerably affected by the phase shift. On the other
and, the stable period is longer during expiration. Thus the
nfluence of the phase shift in expiration might be smaller
han that during inspiration.

To determine the accuracy with which the expiration
hase could be determined from the waveform, the distri-
ution of the tumor motion during the expiration phase was
onsidered. The standard deviation of the tumor position
as estimated for two cases: one where the threshold level

et to trigger the gating signal was 30% of the amplitude of
he respiratory waveform and one where this was 20%. The
D and the threshold for each coordinate direction were
efined as �x30, �y30, �z30, and �x20, �y20, and �z20, respec-
ively. Table 2 shows a summary of the SD for each organ.

As the table indicates, there are various quantities for the
D, depending on the organ and the direction: In the upper
art of the lung and middle esophagus, where the motion
ue to the respiration is small, the low SD means a steady
tate of tumor motion at the end of the expiration phase. The
ower lobe of the lung, the lower esophagus, and the right
obe of the liver have a high SD as a result of the quick
espiratory motion, larger respiratory amplitude, the heart

the tumor motion in this study. A number of time series
and
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eat, and the influence of the phase shift. It is possible to
ake the SD lower as long as the threshold levels are

rought down, which, however, leads to a drop in the duty
ycle of the irradiation. It is necessary therefore to optimize
he irradiation.

The present data are very useful when considering the
xtent of the uncertainty caused by tumor motion and the
xtent of IM that in gated radiotherapy should be added to
he treatment planning for each organ. Table 3 shows the
ecommended IM derived from the deviations of tumor
osition in the expiration phase. Each average SD in Fig. 2
s multiplied by 2 to show the recommended IM: (2�x20,
�y20, 2�z20) (2�x30, 2�y30, 2�z30). The 2 SD can compen-
ate for the variation and uncertainty in tumor position
uring the expiration phase with a probability of 95.5%. The
M includes many kinds of movement and variation. It is
ssumed that these uncertainties result mainly from respi-
ation, and other causes are deemed to be insignificant in
his study.

When information on the tumor motion cannot be ob-

Table 2. Stability of tumor motion in each organ during

Organ

30

�x30 �

ung
Left upper lobe 0.56 0.
Right upper lobe 0.47 0.
Lower lobe 1.05 2.

iver
Left lobe 0.40 1.
Right lobe 0.59 2.

sophagus
Middle intrathoracic esophagus 0.52 0.
Lower intrathoracic esophagus 0.72 1.

Note: The table shows the quantities for the average SDs in ea

Table 3. Recommended inter

Organ

Inter

30%

x y

ung
Left upper lobe 1.1 1.2 1
Right upper lobe 1.3 1.7 1
Lower lobe 2.1 4.9 2

iver
Left lobe 0.8 2.8 1
Right lobe 1.2 5.2 2

sophagus
Middle intrathoracic esophagus 1.1 1.8 1
Lower intrathoracic esophagus 1.5 2.7 3
ained, e.g., markers are not inserted in the patient, these
ata should enable highly accurate gated irradiation to be
arried out. The generalization of IM, however, does not
pply to every patient. These data were based on average
tandard deviations, and therefore it cannot be guaranteed
hat patients whose tumor motion deviated from these stan-
ard deviations will receive the gated irradiation with the
ame accuracy. We therefore suggest that information on
he respiratory 3D tumor motion and its correlation with the
espiratory sensor should be obtained, if possible, for each
atient in advance of the treatment planning, and then the
M based on that information should be added. It is neces-
ary to individualize the IM for each patient and organ.

CONCLUSION

The correlation between the respiratory waveform and
he 3D tumor motion was presented in this study. We
nderstood that the respiratory waveform did not always
ccurately correspond with the 3D tumor motion. For that

piration phase as indicated by the respiratory waveform

Average SD (mm)

20%

�z30 �x20 �y20 �z20

0.98 0.56 0.57 0.92
0.62 0.45 0.75 0.61
1.22 0.96 1.79 1.20

0.57 0.36 1.03 0.51
1.10 0.53 1.91 0.92

0.54 0.49 0.88 0.53
1.54 0.71 1.25 0.89

ction and organ.

rgin derived from this study

rgin (mm)

20% Average amplitude (mm)

x y z x y z

1.1 1.2 1.8 2.5 4.1 5.5
0.9 1.5 1.2 2.2 3.4 3.3
1.9 3.6 2.4 5.9 14.7 7.3

0.7 2.1 1.0 2.5 9.4 3.8
1.1 3.8 1.8 3.2 17.2 6.7

1.1 1.7 1.1 2.6 7.0 2.8
1.4 2.5 1.8 3.7 10.4 7.2
the ex

%

y30

59
85
45

39
64

92
37
nal ma

nal ma

z

.9

.2

.4

.1

.2

.1

.1
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eason, the IM was generalized by analyzing the stability
f tumor motion during the expiration phase indicated by
he respiratory waveform. This is, however, composed of
ata sets containing several breathing cycles only. It is
ell known that, in general, a patient’s breathing infor-
ation is complex during irradiation, which was not

aken into consideration in this study. Therefore, for
espiratory gated radiotherapy using the respiratory sen-
or, the use of the IMs obtained in this study is effective
n the condition that a patient’s breathing is stable in
1

1

1

1

1

1

1

1

rinciple. If not so, it is suggested that the margin from
SD to 3 SD should be carefully considered for each

atient as an IM. If a subsequent improvement in the
ccuracy of this method is desired, an individual IM
hould be considered on the basis of each observation of
he correlation between the respiratory waveform and 3D
umor motion for each patient. Hence, using the respira-
ory sensor in respiratory gated radiotherapy would im-
rove both accuracy and convenience. Thus it is expected
hat this method should come into wider use.
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