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Abstract. - OBJECTIVE: Our goal was to ob-
serve the duration of inhaling and exhaling as
well as the inhalation to exhalation conversion in
patients with lung cancer and experimental
dogs.

MATERIALS AND METHODS: We recorded
lung and tumor respiratory motion with X-ray
camera, in five patients with lung cancer as well
as in five experimental dogs. We made random
observation of breathing cycle inhalation dura-
tion, exhalation duration, and inhalation to exha-
lation conversion within each lung cancer pa-
tients and within each of the five animals.

RESULTS: Respiratory inhalation duration of
each dog and human > exhalation duration > ex-
hale to inhale conversion length > inhalation to
exhalation conversion length. During the four
breathing cycles, the total respiratory duration
differs, and the length of the same breathing
phase is inconsistent.

CONCLUSIONS: The measurement of early
stage breathing duration cannot be representa-
tive of breathing duration of the late stage. Radi-
ation treatment planning system based on the
pre-computed tomography scanning on the ba-
sis of early stage, there will be some radiation
dose errors.

Key Words:
Respiratory Phase, Radiation therapy, Radiation
dose.

Introduction

The conformal radiotherapy and IMRT (Inten-
sity-Modulated Radiation Therapy) is a new
technology in radiation oncology that delivers ra-
diation more to the tumor while sparing the sur-
rounding normal tissues. It can make tumor tar-
get area more accurate, in reducing the radioac-
tive damage on normal tissue and it can improve
the curative effect through an increased target
dose!2. The location of the tumor can change be-

cause of respiratory motion and, thereby, the re-
mote local control rate of tumor is reduced. Pre-
vious research has been focused on target space
position and normal tissue profile changes (be-
cause of tissue breathing exercise), but no studies
have been reported on the differences and their
impact on the accuracy of tumor. In view of this
situation, we have conducted a preliminary study.

Materials and Methods

Animals

We conducted our study on five healthy dogs,
weighing from 10 to 15 kg, male or female. Each
dog was anaesthetized by intraperitoneal injec-
tion (IP) of 10% chloral hydrate (4.5 ml/kg). Af-
ter a resting period, the dogs were fixed on the
board in a supine position. We used simulated lo-
cation X-ray unit (Nuclear Power Institute of
China, Potential brand, HMD-IA model) to do
the consecutive perspective of the whole chest.
The central simulator point was selected on the
board surface and on the back of the dog. The
perspective and video lasted for a total of 3 to 5
minutes. The video was then transferred to a
computer using the universal timer software
V1.1.0 to observe and record the respiratory cy-
cle. After having chosen the top right diaphragm
as the observation point, we collected five respi-
ratory cycles for each dog by random sampling
and recorded the duration of (1) inhalation, (2)
exhalation, (3) inhalation to exhalation conver-
sion and, (4) exhalation to inhalation conversion.

Patients

Amongst the patients with inferior lung cancer
who were receiving radiotherapy in our depart-
ment from February to March 2012, we chose a
total of five cases (3 male and two female) with
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good lung function. We obtained informed con-
sent from each patient and asked them to breathe
normally and calmly in order to observe and
record by video. The simulator’s central point
was located at the lung tumor to observe the res-
piratory motion of the tumor.

Data Processing

We recorded the length of each time phase,
and we compared the differences. Using the
SPSS 17.0 statistical software (SPSS Inc., Chica-
go, IL, USA), we performed one-way ANOVA.
We considered p < 0.05 has statistically signifi-
cant.

Results

Animal Model Results

The results obtained in the dogs are shown in
Tables I and II. From Table I, we observed in
each of the dogs, the duration of inhalation to
respiration, respiration to inhalation conversion,
inhalation to respiration conversion. The differ-
ence in inhalation and exhalation time were com-

Table I. Results obtained in five dogs.

pared individually using variance analysis, and
we obtained F = 5.151, p < 0.05. For inhalation
time versus inhalation to exhalation conversion
time, our variance analysis was F = 49.954, p <
0.05. Comparing inhalation time to inhalation
conversion time, we obtained F = 4.365, p < 0.05
which was statistically significant.

Patient Results

The results obtained in patients are shown in
Tables III and IV. As showed in Table III, each
patient showed the same pattern, i.e. inhalation
duration; respiration duration; respiration to in-
halation conversion duration; inhalation to respi-
ration conversion duration. When comparing the
differences between inhalation and respiration
duration, we obtained F = 4.202, p < 0.05. When
comparing the differences between the respira-
tion duration and respiration to inhalation con-
version duration, we obtained F = 52.138, p <
0.05. When comparing the differences between
the inhalation duration and inhalation to respira-
tion conversion duration parameters, we obtained
F =5.231, p < 0.05, and p was considered statis-
tically significant.

Inhalation Inhalation to Respiration Resp. to Total breathing
duration resp. duration duration insp. duration duration
Dogs (seconds) (seconds) (seconds) (seconds) (seconds)
No. 1 1 1.20 0.73 1.45 0.86 4.24
2 1.39 0.65 1.18 0.78 4.00
3 1.43 0.5 1.05 0.84 3.82
4 1.38 0.72 1.23 0.76 4.09
5 1.45 0.69 1.15 0.83 4.12
No. 2 1 1.33 0.62 1.29 0.91 4.15
2 1.35 0.70 1.22 0.88 4.15
3 1.39 0.65 1.20 0.87 4.11
4 1.41 0.63 1.19 0.89 4.12
5 1.29 0.68 1.15 0.95 4.07
No. 3 1 1.38 0.69 1.23 0.92 4.22
2 1.22 0.64 1.18 0.78 3.82
3 1.35 0.67 1.17 0.79 3.98
4 1.45 0.62 1.25 0.83 4.15
5 1.29 0.71 1.16 0.85 4.01
No. 4 1 1.35 0.64 1.20 0.81 4.00
2 1.06 0.72 0.98 0.84 3.60
3 1.41 0.83 1.31 0.82 4.37
4 1.39 0.67 1.26 0.80 4.12
5 1.42 0.66 1.19 0.75 4.02
No. 5 1 1.39 0.71 1.13 0.91 4.14
2 1.43 0.67 1.16 0.88 4.14
3 1.45 0.69 1.05 0.96 4.15
4 1.40 0.69 1.24 1.01 4.34
5 1.48 0.66 1.15 1.20 4.49

3206



Length of time of respiratory phase

Table Il. Respiratory measurement results in dogs.

Average Insp. to resp.’
inhalation duration average duration
1.36 = 0.09s 0.67 = 0.05s

Maximum inhalation duration =~ Max insp. to resp. duration

1.48s 0.83s
Minimum inhalation duration ~ Min insp. to resp. duration
1.06s 0.5s

Average Resp. to insp.?
respiration duration average duration
1.19 £ 0.09 0.86 = 0.09s
Maximum respiration duration ~ Max resp. to insp. duration
1.45s 1.2s
Minimum respiration duration Min resp. to insp. duration

0.98s 0.75s

Note: 'insp. to resp. indicates inhalation to respiration conversion duration; %resp. to insp. Indicates respiration to inhalation

conversion duration

In both patients and dogs, the results showed
the same pattern, i.e. each inhalation duration;
respiration duration; respiration to inhalation
conversion duration; inhalation to respiration
conversion duration. The differences between
each parameter was always statistically signifi-
cant with a p < 0.05. Comparing every breathing
time to the total breathing duration changes, we
observed a range of differences from 0.03 to 0.50
seconds and the breathing phase differs from
0.01 to 0.40 seconds. We also noticed that after
several regular breathings, a longer deep inhala-

Table Ill. Results obtained in 5 patients with lung cancer.

tion and slow respiration would follow. Briefly
speaking, the respiratory motion is not a simple
mechanical repetition because the total duration
and each phase are changing. Unfortunately, we
did not conduct long term observation to be able
to determine whether these changes are consis-
tent with normal distribution. Moreover, the ex-
ternal radiotherapy plan did not take the stay or
move time of the therapeutic targets in various
locations into consideration. With one or two res-
piratory phase of target position to develop a plan
of treatment, the time span to the influence of ra-

Inhalation Inhalation to Respiration Resp. to Total breathing
duration resp. duration duration inhalation duration duration
Patients (seconds) (seconds) (seconds) (seconds) (seconds)

No. 1 1 1.22 0.83 1.34 0.82 4.22

2 1.29 0.75 1.08 0.79 391

3 1.45 0.65 1.15 0.82 4.07

4 1.38 0.72 1.23 0.76 4.09

5 1.47 0.66 1.25 0.84 4.22
No. 2 1 1.44 0.68 1.3 0.89 431

2 1.36 0.72 1.32 0.9 43

3 1.38 0.67 1.22 0.8 4.07

4 1.4 0.71 1.28 0.82 421

5 1.36 0.67 1.18 0.92 4.13
No. 3 1 1.42 0.66 1.21 0.84 4.13

2 1.22 0.69 1.18 0.78 3.87

3 1.45 0.73 1.27 0.81 4.26

4 1.43 0.69 1.28 0.89 4.29

5 1.33 0.64 1.29 0.91 4.17
No. 4 1 1.26 0.65 1.32 0.83 4.06

2 1.15 0.64 0.99 0.87 3.65

3 1.4 0.72 1.32 0.85 4.29

4 1.38 0.77 1.16 0.78 4.09

5 1.4 0.76 1.29 0.86 431
No. 5 1 1.29 0.73 1.25 0.79 4.06

2 1.37 0.71 1.26 0.76 4.1

3 1.46 0.79 1.14 0.87 4.26

4 1.34 0.74 1.21 1.05 4.34

5 1.38 0.67 1.19 1.12 4.36
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Table IV. Respiratory measurement results in patients with lung cancer.

Average Insp. to resp.’
inhalation duration average duration
1.39 = 0.07s 0.68 = 0.06

Average
respiration duration
1.15 = 0.05

Resp. to inhalation?
average duration
0.89 = 0.09s

Maximum inhalation Max inhalation. to

duration resp. duration
1.45s 0.83s

Minimum inhalation Min inhalation to
duration resp. duration
1.15s 0.64s

Maximum respiration
duration

1.35s

Minimum respiration
duration

0.99s

Max resp. to inhalation
duration

0.91s

Min resp. to inhalation
duration

0.76s

Note: 'inhalation to resp. indicates inhalation to respiration conversion duration; “resp. to inhalation. Indicates respiration to in-

halation conversion duration.

diation dose is obvious. Take the conformal ra-
diotherapy at a time in accordance with 120 sec-
onds to calculate, the dose rate in accordance
with 200cGy/min, the actual beaming time is
about 60 seconds, and the affected range of each
radiation dose is about 0.062-6.25cGy. In the in-
tensity-modulated radiation, due to the changes
in the sub-wild position, the actual impact re-
quires precise calculations.

Discussion

The conformal radiotherapy and IMRT require
treatment target accuracy in delineation and a
high repeatability. With the continuous techno-
logical improvement and the development of im-
age-guided radiotherapy, the impact of position-
ing errors on 3D conformal radiotherapy and IM-
RT to treat lung cancer has been reduced. How-
ever, the impact of the chest tumor fine radiother-
apy dose accuracy highlights another important
factor which includes respiratory motion, which
has been plagued by cancer radiotherapy
workers®. For breast cancer, the target areas and
normal tissue contour changes because of breath-
ing exercise, which can lead to actual absorbed
dose differences with curative effect*. As a result,
this affects the judgments of the physician re-
sponse to normal tissue reactions.

Radiotherapy experts and researchers have
recognized the impact on the radiotherapy accu-
racy of the target displacement due to the respira-
tory motion. Tumors can move and even change
in shape with the respiratory motion. Previous
studies considered the impact on radiotherapy of
the target and normal tissue contour changes
brought by the tumor displacement due to the
respiratory motion. Since now, the methods to re-

3208

solve the impact of the respiratory motion on the
lung cancer radiotherapy include individualized
ITV (Internal Target Volume) delineation, the
breathing control techniques, the respiratory gat-
ing radiotherapy and the real-time tracking radio-
therapy, etc. The main methods of individualized
ITV delineation include: (1) slow scanning (slow
spiral CT scan), CBCT (Cone-beam computed
tomography) and PET (Positron Emission To-
mography) which are often adopted as the scan
method and (2) gated CT scan and rapid 4D CT
(Four Dimension Computed Tomography) which
are often used as the quick scanning method.
These resolving methods apply to the lung can-
cer with a small range of motion. Concerning
those with greater range of motion, the radiation
dose enhancement is not conductive because of
the defined target volume boundaries due to the
motion artifacts, and a larger ITV volume. The
breathing control techniques include ABC (Ac-
tive Breathing Control) technology>¢ and DIBH
(Deep Inhalation Breath-Hold) technology’® as
representatives. The technology is applicable for
patients with good lung function after training,
which limits its wide application in patients with
lung cancer. In the radiotherapy procedures, res-
piratory gating technology (RG) uses a method to
monitor patients’ breathings and triggers beam ir-
radiation in particular breathing phase. This tech-
nology adopts various respiratory motion label-
ing methods to realize the real-time monitoring
of the target area, and then selects a specific
breathing phase to undertake the radiotherapy.
Based on the relationship between the label and
patients, RG radiotherapy can be divided into
two forms (i.e., internal and external RG). Real-
time tracking technology during radiotherapy in
patients with correlation wiring harness or real-
time position adjustment, to ensure that the beam
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and target area have the same spatial location.
None of the above techniques have taken into ac-
count the unevenness of the respiratory motion
speed, the changes in duration of each breathing
movement and each breathing phase. So far,
there are no reports on the four respiratory phas-
es’ rules, differences, or the impact on the accu-
racy of tumors radiotherapy.

The point of this study was to observe the rela-
tionship between various respiratory motional or-
gans in space and time. For example, suppose
that the respiratory cycle duration is consistent
with that of a certain organ or target within the
body and that the length of time of the breathing
phases is consistent with each other, and the
space displacement during each breath is also re-
peated. In virtue of this, we established the math-
ematical relationship of the respiratory motion in
vivo and in vitro. During patient observation, we
confirmed that the respiratory motion is not an
accurate repetition, and that the correspondence
between in vivo and in vitro respiratory motion
were not obvious. Considering the possible inac-
curacy in distance and time measurement, we
tried to adjust the spatial accuracy of the simula-
tor to 1 mm, but we were not able to place the or-
gan in vivo and in vitro on the center point of the
simulator. Changing our way of thinking, we de-
cided to re-adjust the time precision to 0.01 sec-
onds without calculating the spatial accuracy, and
found that it was very easy to realize.

In a free-breathing state, the lung tumor dis-
placement is more significant in the vertical di-
rection than that in other directions. Further-
more, it was observed that the tumor displace-
ment in lower lung was more significant than
that in upper and middle lung®. In order to facil-
itate our observation, we focused on the test re-
sults. Our findings indicate that animal respira-
tory regulations are similar to human. During
every breath, the inhalation duration; respiration
duration; respiration to inhalation conversion
duration; inhalation to respiration conversion
duration. There are differences between each
breathing time and between the same respirato-
ry phases of each breathing time. In fact, after
several regular breathings, there is always an ir-
regular breathing with duration change, there-
fore bringing the displacement change. Even if
the displacement difference is not taken into ac-
count, the time difference can explain the exter-
nal radiation dose difference.

When using a multi-slice CT for positioning,
the entire breathing duration is not necessary.

The obtained CT image is an image of several
respiratory phases, and the lineated target area
can correspond to the phase and spatial displace-
ment at that time. Since the starting time of the
CT scan is random, neither positioning techni-
cians nor doctors can determine the breathing
phase during the scan or the extroverting CTV to
PTV. Considering this will surely bring a larger
PTV.

Since the duration of the respiration to inhala-
tion conversion is relatively longer, and the in-
halation is slightly slower than the respiration,
we can certainly start the quick positioning CT
scan at the end of the respiration, and complete
the image positioning scanning with the multi-
slice CT in one second. By doing this, when ex-
troverting CTV to PTV, we only need to consider
the spatial and time differences of the respiratory
motion. The treatment plan based on deep inhala-
tion superior to free-breathing has confirmed our
point of view’. It is believed that the treatment
plan based on the deep inhalation breath-hold is
better, since it is more favorable to patients with
left breast cancer!”.

Considering the time and location differences
of every respiratory motion, based on the respira-
tory motion before radiotherapy, the positioning
CT scan that constructs the so-called 4-position
Ct and 4-D radiotherapy plan will consider only
the displacement differences!'!, but unable to take
into consideration the duration and position
changes of each breathing phase in the respirato-
ry motion during the radiotherapy. In fact, most
of the real-time verification devices are testing
the body surface breathing, but not monitoring
the target area breathing. It can be speculated
that, the impact on the displacement and time of
the breathing phase will bring again the uncer-
tainty due to the inconsistency of displacement
and time with the in vivo target while doing the
monitoring on body surface breathing. We be-
lieve that neither the surface breathing signal, nor
other indirect breathing signal in non-treated area
is reliable.

The ABC may be a more reliable method!?.
The ABC based on moderate deep inhalation is
similar to our CT positioning plan at the end of
breathing!®. The cone-beam CT guidance and
MLC tracking technology can contribute to the
implementation of our ideas as well'*!>, but we
still have to consider the measuring error brought
by the delay time when the breathing signal trig-
gers to start the machine, or we can appropriately
take in advance the triggering signal. The real-
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time 4D radiotherapy still has many technical
and equipment problems to resolve!®. Consider-
ing the change of the breathing time length, it is
a relatively feasible technology to control pa-
tients’ respiratory motion. At present, the adopt-
ed clinical methods such as the active breath-
hold by patients, respiratory gated-control and
active breath-control are relatively realistic ap-
proaches'’.

The appearance of 4D-CT technology cannot
only represent tumor’ real shape, but also can
reflect tumor’s motion regulation, design pa-
tient’s individual radiotherapy plan according to
the characteristics of the target motion, increase
the accuracy of radiotherapy, and improve tu-
mor treatment effect'®. However, the 4-D plan
cannot solve the time changes between one and
another breathing cycle. The real-time tracking
of patient’s respiratory motion to increase the
accuracy of positioning and treatment can maxi-
mize the irradiation dose of the tumor tissue,
corresponding with the radiation oncology prin-
ciples®. Patient pulmonary function differences
together with the individual difference before
and after breathing phase variation need to be
studied in depth. The breathing phase change
and its impact on radiotherapy needs further
study.

Conclusions

The earlier measured breathing duration can-
not be completely represented by the later mea-
sured breathing duration. The radiotherapy plan
systems based on earlier CT scan technology will
have a certain error of radiation dose.
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