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The signal from a spirometer is directly correlated with respiratory motion and is ideal for target
respiratory motion tracking. However, its susceptibility to signal drift deters its application in
radiotherapy. In this work, a few approaches are investigated to control spirometer signal drift for
a Bernoulli-type spirometer. A method is presented for rapid daily calibration of the spirometer to
obtain a flow sensitivity function. Daily calibration assures accurate airflow measurement and also
reduces signal drift. Dynamic baseline adjustment further controls the signal drift. The accuracy of
these techniques was studied and it was found that the spirometer is able to provide a long-term
drift-free breathing signal. The tracking error is comprised of two components: calibration error and
stochastic signal baseline variation error. The calibration error is very small~1% of 3 l! and
therefore negligible. The stochastic baseline variation error can be as large as 20% of the normal
breathing amplitude. In view of these uncertainties, the applications of spirometers in treatment
techniques that rely on breathing monitoring are discussed. Spirometer-based monitoring is noted
most suitable for deep inspiration breath-hold but less important for free breathing gating
techniques. ©2003 American Association of Physicists in Medicine.@DOI: 10.1118/1.1625439#
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I. INTRODUCTION

Various respiratory motion control treatment techniques
cluding gating,1–3 breath holding4 or active breathing contro
~ABC!5,6 are used in radiotherapy to reduce the target ma
due to respiratory motion. A reliable breathing monitori
system is needed for such techniques. The most comm
used systems can be classified into three categories:

~1! Measurement of the surface of the abdomen by track
a reflective marker on the chest with a fixed camera2,7–10

or by measuring the distance from a fixed point to t
surface of the abdomen using a laser-based dista
sensor.1

~2! Tracking internal markers using x-ray11–15 or internal
sensors using magnetic fields.16

~3! Measurement of the change in lung volume using
spirometer.5,6

In this work, we will focus on the last category.
A spirometer measures airflow. The change in air volu

is then inferred from the integrated airflow signal over tim
Compared with displacement measurement-based syste
spirometer has many advantages, including the following

Better signal/target position correlation: The spirometer
signal reflects lung volume changes, which is directly cor
lated with tumor position. Abdomen surface displaceme
do not always correlate with tumor position. Phase shift
delay7,17 and pseudomotion~Fig. 1! have been observed.

Less setup variation: Displacement measurements bas
on the first category depend on the viewing angle of
camera/laser as well as the marker position. It is not eas
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reproduce the same setup from day to day. Daily setup va
tions may result in errors in the prediction of target positio
Spirometers do not suffer from these setup problems.

A spirometer was originally designed for measuring a p
tient’s pulmonary function. This measurement extends u
ally over a relatively short period of time sufficient to cov
a few breathing cycles. However, for breathing monitorin
stable operation of the spirometer over an extended time
riod is required. Due to several reasons, described in
following, the spirometer signal usually drifts away from i
original baseline significantly. This impairs the ability to u
a spirometer for breathing monitoring. In this study, tec
niques have been developed to reduce signal drift.

II. MATERIALS AND METHODS

A. Spirometer

In this study, a CPX Spirometer~Medgraphics, St. Paul
MN! system is used. A preVent™ Pneumotach was attac
to a mouthpiece~Fig. 2!. The pneumotach is a bi-directiona
differential pressure sensor that converts the flow into a p
sure signal. This signal is then converted to a voltage, d
tized to a reading valueR, and transferred to a control com
puter. For laminar flow, Bernoulli’s law holds:

1
2 r f 21DP5const., ~1!

where f is the flow,r the air density, andDP the induced
differential pressure.
31650„12…Õ3165Õ7Õ$20.00 © 2003 Am. Assoc. Phys. Med.
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Under the assumption of the validity of Bernoulli’s la
the spirometer readingR, which is proportional toDP, is
proportional to the square of the flow, such that it can
written as

R5k• f 2 or f 5AR

k
, ~2!

wherek is a constant. For an ideal laminar flow situation a
linear pressure response sensor, spirometers based on
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FIG. 1. Abdomen surface displacement measurement using laser-base
placement sensor during breath hold treatment. Pseudomotion happen
ing breath-hold due to relaxation of the abdominal muscles.
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FIG. 2. The spirometer-based respiratory motion monitoring system. Vi
glasses are used to display the computer screen to the patient.
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noulli’s principle, flow is expected to be proportional toR1/2.
In other words, such spirometers are much less sensitiv
low flows than to high flows.

B. Sources of air signal drift

Drifts in the measured air volume originate from flo
measurement errors. An uncertaintyD f caused by an uncer
tainty DR in the reading leads to an uncertainty in the me
sured volumeDV,

V1DV5E ~ f 1D f !3dt, ~3!

whereV and f are the actual air volume and flow, respe
tively, DV and D f are the uncertainties, anddt is the time
interval between two measurements or the sampling inter
In general,D f can be written as the sum of a systematic a
a zero-mean random component. Any systematic compo
of D f causes an increase or decrease of the volume sig
For a periodic breathing pattern,DV5*D f 3dt is approxi-
mately constant for every cycle, thereby increasing the d
linearly with time.

The main components of the signal drift are flow sen
tivity calibration error and an imperfect manual zero-flo
adjustment. The first component is due to a nonlinear p
sure sensor response and nonideal laminar flow, such tha
spirometer response does not satisfy Eq.~2! exactly~see Sec.
II C!. The second component causes a signal drift dur
long term operation that can be accounted for with appro
ate flow baseline adjustments~see Secs. II D–II F!.

Other components of signal drift are due to air turbulen
air leakage, internal pressure sensor variations, etc. Air
bulence is strongly dependent on how the airflow is ch
neled between mouth and spirometer. It was noted tha
mouthpiece such as the one shown in Fig. 2 caused m
less drift than a face mask. To further reduce air turbulen
additional filters may be added to both ends of the pneum
tach. Air leakage can be prevented by carefully examin
the patient connection. In a controlled environment~constant
temperature, etc.! it can be assumed that the pressure sen
variations are random in nature and are therefore canc
out in the integral.

C. Flow sensitivity calibration

To calibrate the spirometer a 3l calibration syringe
~Medgraphics Corp, St. Paul, MN! was used. The mouth
piece with pneumotach was attached to the syringe. To t
account of nonideal situations and also make this met
valid for other types of spirometer, we assume Eq.~2! is not
operative. Flow sensitivity calibration includes two step
flow sensitivity function estimation and daily parameters u
date. Flow sensitivity function estimation finds the form
the flow sensitivity function and only needs to be done on
while daily parameters update is to obtain accurate par
eters in flow sensitivity empirical function and in princip
needs to be done before every operation.

Flow sensitivity function estimation: Airflow can be writ-
ten as a function of the measurement reading as

dis-
dur-

o
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f 5C~R!3R. ~4!

The air volume pressed out or taken in for each push or
of the piston, respectively, was 3l. For each piston operation
we obtained

(
i

N

C~Ri !RiDt563 l , ~5!

where the proportional constantC(Ri) are the unknowns and
are a function of flow. Each piston operation gives one eq
tion. Theoretically, as many equations as the number of re
ing samples are needed to solve forC(Ri). To reduce the
number of equations needed, the flow sensitivity function
split into n different domains withC(R)5Cm for Rm<R
<Rm11 (m51, . . . ,n). Operating the piston~either push or
pull! then results in an equation for the unknown levelsCm :

(
i

N

C~Ri !RiDt' (
m51

n

Cm(
i 51

km

RiDt

' (
m51

n

kmCmR̄mDt563 l , ~6!

whereN is the number of reading samples during one
ringe operation, andkm is the number of readings in themth
domain. As the number of levelsn is usually much smaller
than the number of readingsN, the number of instanceskm

of Cm is much larger than 1. This justifies the use of t
mean readingR̄m in Eq. ~6!. If at leastn syringe operations
are performed the linear system of equations can be so
for the unknownCm .

The resulting set of valuesCm provides an approximate
solution only and is not good enough to be used direc
Nevertheless, this approach is useful in finding an empir
closed-form expression forC(R) using the valuesCm as
approximate initial values.

We found a simple empirical function of the form

C~R!5a3Rb ~7!

implemented for this ‘‘Bernoulli-type’’ spirometer. The tw
unknownsa andb now replace then unknownsCm in Eq.
~6!. A daily calibration procedure is able to determine t
parametersa andb with only a few syringe operations.

Daily update of the parameters: The a and b obtained
from flow sensitivity function estimation are not accura
enough. Also because of measurement condition changea
andb need to be updated frequently. Afters syringe opera-
tions the unknownsa and b for positive and negative flow
can be solved by minimizing the residuer defined by

r 5(
j 51

s S U(
i 51

Nj

aRi
b11DtU23D l . ~8!

The variablesNj are the number of readings during a sing
syringe operation. A Nelder-Mead unconstrained optimi
tion method, implemented inMATLAB , was used. Minimizing
the absolute difference to the total syringe volume guaran
the minimization of random fluctuations during calibratio
Separate optimizations have to be performed for positive
Medical Physics, Vol. 30, No. 12, December 2003
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negative flow readings. The quality of the calibration proc
dure was tested for several simulated breathing patterns
the syringe.

D. Dynamic volume baseline adjustment

Many studies show that the exhale phase of norm
breathing is the most reproducible phase.14,18 It is rational to
choose this phase as the signal baseline. When a patient
forms normal breathing, the minima of the breathing cur
are recorded. However, due to irregular breathing,
minima of the breathing curve may not always be in a fu
relaxed expiration. These irregular minima disturb the e
mation of the baseline. Using the RANSAC~Random
Sample Consensus! algorithm,19 the irregular minimum
points of the volume curve are screened out. Assuming
among n minimum points, there are at leastm (m,n)
‘‘good’’ points ~fully relaxed expiration!, the RANSAC algo-
rithm selects randomlym out of n samples, calculates th
standard deviation of them samples, and only accepts the
if the standard deviation is smaller than a given thresho
DB is then the mean of thesem samples. In our software
n55 andm53 were used. Dynamic volume baseline adju
ment corrects the volume signal by the magnitude ofDB
after everyn breathing cycles.

E. Dynamic flow baseline adjustment

Even with careful manual adjustment, there is still a
sidual reading left in the case of zero flow. This residu
reading also tends to change during the operation period.
noticed that this can be improved by subtracting a flow c
rection DRres directly from the reading. The dynamic flow
baseline adjustment is performed after every dynamic v
ume baseline adjustment,

DRres~k11!5DRres~k!1c3DB~k!, ~9!

whereDRres is the residual needed to be subtracted from
readingR, c is a constant that incorporates the change
units from volume to flow, andDB is the baseline adjustmen
returned by the RANSAC algorithm.DRres is updated after
every volume baseline adjustment andk is the update index
number. ResidualDRres converges to a fixed value after
few iterations. The convergence rate is controlled by
value ofc.

F. Zero-flow noise suppression

For this specific spirometer, a manual flow baseline
justment at the beginning of the operation based on a po
tiometer is intended to set the reading to zero when ther
no flow. However, due to electronic noise, the signal fluc
ates around zero. From the empirical equation~7! it is clear
that low flow signals require a large multiplicative gai
therefore the electronic noise will be amplified after corre
tion with the flow sensitivity function. We solved this prob
lem by forcing the readingsRi equal to zero when they ar
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smaller than a specified threshold, usually 2 to 5 digital un
In practice, this correction is only important during brea
hold.

III. RESULTS

To establish the form of the empirical closed-form equ
tion, a sufficient number of initial valuesCm of the function
C(R) were generated. Ten syringe operations were p
formed. Consequently, the range of readingsR was binned
into ten domains, five for positive flow and five for negati
flow. Cm was obtained by solving the linear equations~6!.

The parametersa and b were then determined by lea
square fitting of theCm ~Fig. 3!. From the figure, it can be
seen that theCm can be fitted well by Eq.~7!. Using s54
syringe operations for both negative and positive flow, Fig
shows the volume readings for the syringe operations be
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FIG. 3. Flow sensitivity function estimation for the spirometer. The fi
values ofCm in Eq. ~6! for positive and negative flow are plotted as sta
and triangles, respectively.

0 2 4 6 8

-3

-2

-1

0

1

2

3

A
ir
V
o
lu
m
e
(l
it
e
r)

Time (second)

before calibration

after calibration

FIG. 4. Flow sensitivity function parameters calibration using 3l calibration
syringe. Before calibration, the spirometer signal was not able to reach63
for different flow rate. The test syringe operation after calibration shows
spirometer is able to measure air volume accurately.
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and after the calibration procedure. Before calibration,
reading is converted to a volume signal using the last sto
values ofa and b from a previous calibration. It is clearly
seen that this old parameter set is not valid anymore for
current calibration. After optimization, a new set ofa andb
parameters are obtained. Figure 4 also shows the meas
volume for eight test operations with the syringe using
new parametersa andb from the calibration. For all chosen
flow rates, the final volumes were all close to 3l with a
variation within 1%. The mean values ofa and b for re-
peated calibration procedures were 0.084 and20.493, re-
spectively.

The fact thatb is very close to20.5 indicates that the
spirometer behaves almost ideally according to Bernou
law. This means that the air turbulence caused by the syr
and the attached mouthpiece is small. Daily calibration c
be done in under 1 min.

The quality of the calibrated parameter set was ag
tested by simulating free breathing patterns with the pn
motach attached to the syringe. This way, the volume sig
can be forced through well-defined control points likeV
50 for a fully pushed in piston orV53 l for fully retracted
piston. Figure 5 shows such a simulated free breathing cu
Dynamic volume baseline and flow baseline adjustme
were disabled in this test. After 1 min, a control point ofV
50 was chosen for which the signal reading was20.01 l.
Consequently, flow sensitivity calibration alone is able
effectively reduce the signal drift.

Figure 6 shows the performance of the dynamic base
adjustment for a spirometer measurement of a free-breat
pattern of a patient. Withc55 in Eq. ~9! and m53, andn
55 in the RANSAC algorithm the dynamic flow baselin
and volume baseline adjustments became stable after a
50 s. Mostly due to the patient’s random breathing var
tion, the air volume baseline fluctuated within a range
about 0.1l.

In our institution, the spirometer is used for deep inspi
tion breath-hold lung cancer treatments. So far, all patie
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were able to tolerate the mouth piece. To guide the patien
hold breath at the same level, video glasses~Olympus FMD-
250W! were used to display the breathing curve and the
get level to the patient. As an example, Fig. 7 shows a
tient’s breathing curve before, during, and after a bre
hold. Figure 7 shows that the baseline adjustments work w
during the free-breathing period. The patient is usually as
to breath out forcefully before the breath hold. RANSAC
immune against the one dip before breath-hold.

IV. DISCUSSION

In this work, several approaches were investigated to
duce the drift inherent in commercial spirometers. It w
found that flow sensitivity calibration plays the most impo
tant role. It assures that the spirometer produces accurat
volume measurements and that it also reduces signal d
Dynamic volume and flow baseline adjustments further c
trol the drift. This study was performed on a Bernoulli-typ
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line adjustments become stable within 1 min. The air volume baseline v
tion is within 0.1 l, which is about 20% of normal breathing signal amp
tude.
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spirometer. Other spirometer types may use different type
sensors to measure airflow, and therefore require a diffe
empirical functionC(R). Hence, Eq.~7! may not hold for
spirometers which measure airflow not based on Bernou
principle. However, a very general method to calibrate fl
sensitivity has been described in this work. The steps
scribed in Sec. II C do not depend on the particular form
the fitting function for which Eq.~7! is just an example for a
Bernoulli-type spirometer.

Reverting to the Bernoulli-type spirometer described
this study and its fitting function~7! it is clear that at least
two piston operations are needed to determine the two
known parameters. Theoretically, a larger number of pis
operations reduce the calibration error. However, Eq.~7! may
not be adequate to cover the entire range of flow reading
this is the case, then, during calibration, it must be assu
that the flow values cover the entire range evenly. For t
particular spirometer, the readingsRi are in the range of260
to 160 digital units during free breathing of a norm
healthy person. By our experience, operating the pneumo
with the syringe tends to yield higher signal values~larger
than 100 digital units! because it is not easy to pull or pus
the syringe slowly. However, because we found that this p
ticular spirometer can be well characterized by Eq.~7!, this is
not a serious drawback.

Spirometer signal drift is well controlled with our calibra
tion and stabilization techniques. A stable signal can be u
for gating during free breathing or breath-hold treatme
There are two major components of errors using a spirom
as a target motion tracking system—calibration error and
chastic baseline variation error. The first is due to inaccu
cies of the fit of the flow sensitivity function whereas th
second is due to the imperfect estimation of the true base
After baseline adjustment the calibration error increases w
signal amplitude but is generally very small~less than 1%!.
The stochastic baseline variation error is mostly due to
tient’s breathing variation. This error can be quite lar
~0.1 l corresponds to about 20% of the normal breath
amplitude for an average patient!. Averaging over more
breathing cycles may reduce this error. However, the ba
line adjustments must be done in a short period of time
control the drift. In our case, baseline adjustments were p
formed every five breathing cycles, corresponding to a ti
of about 15–20s.

The minima in patient’s irregular breathing may not a
ways represent fully relaxed expiration~e.g., the one breath
ing phase just before the breath-hold in Fig. 7!. To exclude
the abnormal minima from baseline determination,
RANSAC algorithm is used since it is more efficient in s
lecting good samples than an exhaustive computation o
the possible combinations.

In order to discuss the applicability of a spirometer to t
different gating techniques and its comparison to surface
placement measurement methods we should differentiate
tween free-breathing gating techniques and breath-hold
ing techniques. The former should also be divided in
amplitude-gated and phase-gated free-breathing techniq

Amplitude-gated free breathing: The results of this work
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l
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show that the stochastic baseline variation can be signifi
compared to the amplitude of the free-breathing signal. T
variation is essentially determined by the numberm of
sample points. This number can be made much larger
surface displacement measurements as they do not s
from drift issues. Although setup variation causes scal
error in displacement measurement, this error is sma
beam-on window is set on the exhale of normal breath
cycles. Therefore, it is expected that in this case a spirom
is disadvantageous.

Phase-gated free breathing: This kind of gating is essen
tial for displacement measurement based system due to
phase shift between abdomen surface displacement and
get position. Spirometer signal has better correlation w
target position thereby phase gating is not necessary. H
ever, a spirometer should exhibit an equally well perf
mance as a displacement measurement system for phas
ing. For example breathing phases can be determined f
flow versus time breathing curve which is stable for spiro
eter.

Gating during deep inspiration breath hold (DIBH): In
gating during DIBH, the beam-on window is far from th
baseline. For displacement measurements the scaling er
significant due to daily setup variation. We have shown th
spirometer can be calibrated to a high degree accuracy w
enables accurate volume measurements and is not su
tible to the variation in patient setup. The stochastic base
variation error is small compared to the signal amplitu
during DIBH, therefore this error is not of importance f
this application. Hence, the spirometer-based system is
pected to be superior over displacement measurement-b
systems for gating during DIBH.

However, the spirometer may not be suitable for so
treatment techniques that require patients to breathe foll
ing a visually displayed breathing pattern.20,21 The dynamic
baseline adjustment algorithm is not applicable in this sit
tion as the minimum points of the breathing curve may
be real relaxed expiration phases. Therefore the drift can
be accounted for in a proper way. For such cases, we de
oped a special combined laser/spirometer respiratory mo
tracking system22 in which a spirometer is used to calibra
the displacement signal into the air volume signal, there
eliminating the setup variations.

One fundamental problem still remains for the spirome
system as well as the displacement measurement based
tem. Setting the baseline to the fully relaxed exhale phas
normal breathing cycles does not guarantee stability of
target position. Lung residual volume is likely to change d
ing the course of radiotherapy treatment. The long term c
relation between anatomical structure position and exte
breathing signal~including spirometer and displaceme
measurement! is still needed to be studied in clinical trials

ACKNOWLEDGMENT

This work was supported by a grant from the Nation
Institute of Health~P01 CA-88960!.
Medical Physics, Vol. 30, No. 12, December 2003
nt
is

or
fer
g
if
g
er

he
tar-
h
w-
-
gat-
m
-

r is
a
ch
ep-
e

e

x-
sed

e
-

-
t
ot
el-
n

y

r
ys-
of
e
-
r-
al

l

a!Electronic mail: tiezhizhang@students.wisc.edu
1T. Tada, K. Minakuchi, T. Fujioka, M. Sakurai, M. Koda, I. Kawase,
Nakajima, M. Nishioka, T. Tonai, and T. Kozuka, ‘‘Lung cancer: Inte
mittent irradiation synchronized with respiratory motion–results of a
lot study,’’ Radiology207, 779–783~1998!.

2H. D. Kubo, P. M. Len, S. Minohara, and H. Mostafavi, ‘‘Breathin
synchronized radiotherapy program at the University of California Da
Cancer Center,’’ Med. Phys.27, 346–353~2000!.

3R. Wagman, E. Yorke, E. Ford, P. Giraud, G. Mageras, R. Minsky, and
Rosenzweig, ‘‘Respiratory gating for liver tumors: Use in dose esca
tion,’’ Int. J. Radiat. Oncol., Biol., Phys.55, 659–668~2003!.

4J. Hanley, M. M. Debois, D. Mah, G. S. Mageras, A. Raben, K. Ros
zweig, B. Mychalczak, L. H. Schwartz, P. J. Gloeggler, M. T.~A.S.C.P.!,
W. Lutz, C. C. Ling, S. A. Leibel, Z. Fuks, and G. J. Kutcher, ‘‘Dee
inspiration breath-hold technique for lung tumors: The potential value
target immobilization and reduced lung density in dose escalation,’’ In
Radiat. Oncol., Biol., Phys.45, 603–611~1999!.

5J. W. Wong, M. B. Sharpe, D. A. Jaffray, V. R. Kini, J. M. Robertson,
S. Stromberg, and A. A. Martinez, ‘‘The use of active breathing cont
~ABC! to reduce margin for breathing motion,’’ Int. J. Radiat. Onco
Biol., Phys.44, 911–919~1999!.

6L. A. Dawson, K. K. Brock, S. Kazanjian, D. Fitch, C. J. McGinn, T. S
Lawrence, R. K. Ten Haken, and J. Balter, ‘‘The reproducibility of org
position using active breathing control~ABC! during liver radiotherapy,’’
Int. J. Radiat. Oncol., Biol., Phys.51, 1410–1421~2001!.

7G. S. Mageras, E. Yorke, K. Rosenzweig, L. Braban, E. Keatley, E. F
S. A. Leibel, and C. C. Ling, ‘‘Fluoroscopic evaluation of diaphragma
motion reduction with a respiratory gated radiotherapy system,’’ J. Ap
Clin. Med. Phys.2, 191–200~2001!.

8R. Wagman, E. Yorke, E. Ford, P. Giraud, G. Mageras, B. Minsky, and
Rosenzweig, ‘‘Respiratory gating for liver tumors: Use in dose esca
tion,’’ Int. J. Radiat. Oncol., Biol., Phys.55, 659–668~2003!.

9S. A. Nehmeh, Y. E. Eridi, C. C. Ling, K. E. Rosenzweig, O. D. Squi
L. E. Braban, E. Ford, K. Sidhu, G. S. Mageras, S. M. Larson, and J
Humm, ‘‘Effect of respiratory gating on reducing lung motion artifacts
PET imaging of lung cancer,’’ Med. Phys.29, 366–371~2002!.

10G. D. Hugo, N. Agazaryan, and T. D. Solberg, ‘‘An evaluation of gati
window size, delivery method and composite field dosimetry
respiratory-gated IMRT,’’ Med. Phys.29, 2517–2525~2002!.

11S. Shimizu, H. Shirato, S. Ogura, H. Akita-Dosaka, K. Kitamura, T. Nis
ioka, K. Kagei, M. Nishimura, and K. Miyasaka, ‘‘Detecting of lun
tumor movement in real-time tumor-tracking radiotherapy,’’ Int. J. Rad
Oncol., Biol., Phys.51, 304–310~2001!.

12H. Shirato, S. Shimizu, T. Kunieda, K. Kitamura, M. V. Herk, K. Kage
T. Nishioka, S. Hashimoto, K. Fujita, H. Aoyama, K. Tsuchiya, K. Kud
and K. Miyasaka, ‘‘Physical aspects of a real-time tumor-treacking s
tem for gated radiotherapy,’’ Int. J. Radiat. Oncol., Biol., Phys.48, 1187–
1195 ~2000!.

13T. Harada, H. Shirato, S. Ogura, S. Oizumi, K. Yamazaki, S. Shimizu
Onimaru, K. Miyasaka, M. Nishimura, and H. Dosaka-Akita, ‘‘Real-tim
tumor-tracking radiation therapy for lung carcinoma by the aid of ins
tion of a gold marker using bronchofiberscopy,’’ Cancer95, 1720–1727
~2002!.

14Y. Seppenwoolde, H. Shirato, K. Kitamura, S. Shimizu, M. V. Herk, J.
Lebesque, and K. Miyasaka, ‘‘Precise and real-time measurement o
tumor motion in lung due to breathing and heatbeat, measured du
radiotherapy,’’ Int. J. Radiat. Oncol., Biol., Phys.53, 822–833~2002!.

15H. Shirato, S. Shimizu, K. Kitamura, T. Nishioka, K. Kagei, S. Has
imoto, H. Aoyama, T. Kunieda, N. Shinohara, H. Dosaka-Akita, and
Miyasaka, ‘‘Four-dimensional treatment planning and fluoroscopic re
time tumor tracking radiotherapy for moving tumor,’’ Int. J. Radiat. O
col., Biol., Phys.48, 435–442~2000!.

16P. G. Seiler, H. Blattmann, S. Kirsch, R. K. Muench, and C. Schilling, ‘
novel tracking technique for the continuous precise measurement o
mor position in conformal radiotherapy.’’ Phys. Med. Biol.45, N103–110
~2000!.

17Q. Chen, M. S. Weinhous, F. C. Deibel, J. P. Ciezki, and R. M. Mack
‘‘Fluoroscopic study of tumor motion due to breathing: Facilitating pr
cise radiation therapy for lung cancer patients,’’ Med. Phys.28, 1850–
1856 ~2001!.

18J. M. Balter, K. L. Lam, C. J. McGinn, T. S. Lawrence, and R. K. Te
Haken, ‘‘Improvement of CT-based treatment planning models of



ol.

ra
te

ze

en-
d
ith
y,

nd
er

3171 Zhang et al. : Application of the spirometer in respiratory gated radiotherapy 3171
dominal targets using static exhale imaging,’’ Int. J. Radiat. Oncol., Bi
Phys.41, 939–943~1998!.

19M. A. Fischler and R. C. Bolles, ‘‘Random sample consensus: A pa
digm for model fitting with applications to image analysis and automa
cartography,’’ Commun. ACM24, 381–395~1981!.

20T. Neicu, H. Shirato, U. Seppenwoolde, and S. Jiang, ‘‘Synchroni
moving aperture radiation therapy~SMART!: Average tumour trajectory
for lung patients,’’ Phys. Med. Biol.48, 587–598~2003!.
Medical Physics, Vol. 30, No. 12, December 2003
,

-
d

d

21T. Zhang, H. Keller, R. Jeraj, R. Manon, J. Welsh, R. Patel, J. D. F
wick, M. Mehta, T. R. Mackie, and B. Paliwal, ‘‘Breathing synchronize
delivery–A new technique for radiation treatment of the targets w
respiratory motion,’’ ASTRO 44th Annual meeting, Salt Lake Cit
2003.

22T. Zhang, H. Keller, R. Jeraj, M. J. O’Brien, K. Sheng, T. R. Mackie, a
B. Paliwal, ‘‘Lung motion tracking with a combined spirometer-las
sensor system,’’ AAPM 44th Annual meeting, Montreal, 2002.


