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Purpose: An accurate model of breathing motion under quiet respiration is desirable to obtain the most accurate and
conformal dose distributions for mobile lung cancer lesions. On the basis of recent lung motion measurements and the
physiologic functioning of the lungs, we have determined that the motion of lung and lung tumor tissues can be
modeled as a function of five degrees of freedom, the position of the tissues at a user-specified reference breathing phase,
tidal volume and its temporal derivative airflow (tidal volume phase space). Time is an implicit variable in this model.
Methods and Materials: To test this hypothesis, a mathematical model of motion was developed that described
the motion of objects p in the lungs as linear functions of tidal volume and airflow. The position of an object was
described relative to its position P� 0 at the reference tidal volume and zero airflow, and the motion of the object
was referenced to this position. Hysteresis behavior was hypothesized to be caused by pressure imbalances in the
lung during breathing and was, in this model, a function of airflow. The motion was modeled as independent tidal
volume and airflow displacement vectors, with the position of the object at time t equal to the vector sum
r�P(t) � r�v(t) � r�f(t) where r�v(t) and r�f(t) were displacement vectors with magnitudes approximated by linear
functions of the tidal volume and airflow. To test this model, we analyzed five-dimensional CT scans (CT scans
acquired with simultaneous real-time monitoring of the tidal volume) of 4 patients. The scans were acquired
throughout the lungs, but the trajectories were analyzed in the couch positions near the diaphragm. A
template-matching algorithm was implemented to identify the positions of the points throughout the 15 scans. In
total, 76 points throughout the 4 patients were tracked. The lateral motion of these points was minimal; thus, the
model was described in two spatial dimensions, with a total of six parameters necessary to describe the 30 degrees
of freedom inherent in the 15 positions.
Results: For the 76 evaluated points, the average discrepancy (the distance between the measured and prediction
positions) of the 15 locations for each tracked point was 0.75 � 0.25 mm, with an average maximal discrepancy of 1.55
� 0.54 mm. The average discrepancy was also tabulated as a fraction of the breathing motion. Discrepancies of <10%
and 15% of the overall motion occurred in 73% and 95% of the tracked points, respectively.
Conclusion: The motion tracking algorithms are being improved and automated to provide more motion data to
test the models. This may allow a measurement of the motion-fitting parameters throughout the lungs. If the
parameters vary smoothly, interpolation may be possible, yielding a continuous mathematical model of the
breathing motion throughout the lungs. The utility of the model will depend on its stability as a function of time.
If the model is only robust during the measurement session, it may be useful for determining lung function. If
it is robust for weeks, it may be useful for treatment planning and gating of lung treatments. The use of tidal
volume phase space for characterizing breathing motion appears to have provided, for the first time, the potential
for a patient-specific mathematical model of breathing motion. © 2005 Elsevier Inc.
Radiotherapy, Breathing motion, five-dimensional CT, Lung motion.
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INTRODUCTION

he introduction of multislice CT scanners has led to de-
elopment of processes to measure the breathing motion of
umors for radiotherapy planning (1, 2). Various techniques
or measuring or controlling breathing motion have been
roposed, all aimed at concentrating a prescribed dose to the
umor and minimizing radiation to surrounding normal tis-
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921
ue. These techniques include fluoroscopic imaging of the
umor motion (3), tracking internal markers (4–6), moni-
oring external markers (7–9), breath holding (10–12) or
ctive breathing control (13), and using a spirometer to
onitor lung tidal volume changes (1, 14–17).
Breathing motion has, by most groups, been modeled as
function of the breathing phase. Vedam et al. (7) charac-

erized breathing as a cyclic process and subdivided breath-
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ng into eight phases: peak exhalation, early, mid, and late
nhalation, peak inhalation, and early mid and late exhala-
ion. The authors applied this phase model to binning CT
cans as a function of the breathing phase. Although the
trategy was robust for a mechanical phantom and regular
reathing cycles, the phase definitions broke down with
rregular breathing. Lujan et al. (18) described diaphragm
otion using a periodic, but asymmetric, function that had
constant period.
One reason for the attraction of the phase-based descrip-

ion of breathing has been that many objects in the lung do
ot move along the same path during inhalation and exha-
ation. This was observed by Seppenwoolde et al. (5) during
uoroscopic-based monitoring of radiopaque clips using
quipment and techniques described by Shirato et al. (4,
9). Seppenwoolde et al. (5) showed examples of the tra-
ectories of clips placed in 21 tumors, many of which
xhibited this hysteresis-like behavior. Seppenwoolde et al.
5) provided a mathematical description of this motion by
howing two idealized tracks, with the motion along each
oordinate modeled as an even power of a cosine function in
ime. The relative phase difference between the cosine func-
ions determined the amount of hysteresis. Although they
id not claim that they were presenting a mathematical
odel of breathing, the point of the discussion was that

reathing motion could be modeled as a function of time.
ne of the difficulties with this approach was shown in their

eport, in which they modeled the breathing motion using
he cosine functions, but the parameters of the fit could not
e predicted as a function of time. Neicu et al. (20), in
efining a process that directly measured radiopaque mark-
rs placed within the lungs, defined regular and irregular
reathing cycles for which their gating technique would and
ould not be accurate.
Manke et al. (21) described a breathing motion model for

oronary magnetic resonance angiography that used a pa-
ient-adapted affine model. They used diaphragm position
s the breathing surrogate. They compared hysteresis mo-
ion modeling with a single diaphragmatic navigator, three
avigators, and a single diaphragmatic navigator and a
recursory navigator, which was a phase-shifted navigator
200 ms). The precursory navigator provided sensitivity to
he change in the diaphragm position and was an approxi-
ation of the diaphragm velocity, providing the sensitivity

he respiratory phase needed to model hysteresis motion. As
uch, their report provided an initial attempt to correlate the
ate of the surrogate motion (diaphragm motion) to hyster-
sis and appeared to be quite successful.

We hypothesized that purely phase-based models would be
undamentally inappropriate to characterize breathing motion
ue to quiet, uncoached respiration. Although breathing is a
eriodic function when seen as a function of time, neither the
mplitude nor frequency of uncoached breathing can be pre-
icted as a function of time. Even when monitoring breathing,
urely phase-based approaches, in which the motion amplitude
s described by the phase of breathing, do not adequately

odel variations from breath to breath. w
We have developed our CT scanning protocols used to
easure breathing motion using real-time tidal volume
easurements as the surrogate by which we have gated the
T data (22–24). The motion of each object within the lung
as characterized by the three-dimensional position of the
bject at a reference breathing phase, for example at tidal
xhalation. Because quiet respiration was not perfectly reg-
lar, we defined the breathing phases using a statistical
efinition of tidal volume based on a percentile system. The
ercentile tidal volume vc was defined as the tidal volume
or which the patient had that tidal volume or less, c percent
f the time. For example, v5 indicated the tidal volume for
hich the patient had in the lungs that amount or less of air
nly 5% of the time during the scanning session. We typi-
ally selected v5 to define exhalation, although different
alues were selected for very irregular breathing cycles.
owever, tidal volume alone did not, in itself, suffice for
odeling the breathing motion because modeling hysteresis
as not possible if the breathing phase was not considered

s well. In the absence of a more complete solution, we
ubdivided breathing into inhalation and exhalation to allow
crude characterization of hysteresis (22).
The action of inhalation involves the body’s creation of a

acuum in the lungs by tension in the diaphragm and chest
all. The greater the vacuum created, the greater the airflow

nto the lungs. To the first order, the rate of airflow will be
roportional to the vacuum created. It has been known for
ome time (25, 26) that pressure disequilibria exist through-
ut the lungs during breathing caused by differential airflow
esistance to these regions. In general, during inhalation,
egions that have better and worse communication with air
n the trachea will have greater and lesser air pressure
uring inhalation, respectively, with the opposite during
xhalation. If the hysteresis is caused by these pressure
isequilibria, it is logical to assume that the effects of
ysteresis, namely the differential motion between inhala-
ion and exhalation, can be characterized as a function of
irflow, defined as the time derivative of the tidal volume.

Therefore, we hypothesized that breathing motion can be
arameterized as a function of five dimensions (5D). The
osition of an object in the lungs was parameterized by its 3D
osition at the reference breathing phase. The position of the
bject at time t is a function of tidal volume v(t) and airflow f(t)
tidal volume phase space). The process of acquiring CT data
uring simultaneous tidal volume measurements for purposes
f mapping or characterizing breathing motion was termed 5D
T, in which time was considered only implicitly.

METHODS AND MATERIALS

odel
The dependence of breathing motion on these five dimensions

as insufficient to characterize quantitatively the motion in a
atient; a mathematical model was also required. As a first step, we
eveloped a linear motion model to test our 5D hypothesis in
hich the motion due to the tidal volume and airflow (hysteresis)

as separated. The motion model of an object in the lung is
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923Novel breathing motion model for RT ● D. A. LOW et al.
ummarized in Fig. 1. The object is shown as a circular dot at the
eference breathing phase, selected in this example to be at tidal
xhalation, at position r�P0

. The object moves owing to the tidal
olume and airflow to position r�P relative to r�P0

. The displacement
ector r�P is separated into two independent displacement vectors
hat are independent functions of tidal volume and airflow, r�v and

f, r�v and r�f is termed the tidal volume and airflow vector with a
nit vector of r̂v and r̂f, respectively. The linear model further
escribed r→v and r→f by the constants � and � multiplied by the
calar tidal volume v and airflow f value, respectively:

r→v � � v r̂v (1)

nd

r→f � �f r̂f (2)

here r̂v and r̂f are the unit vectors along the tidal volume and
irflow axes, indicating the direction of motion of the object due to
idal volume and airflow variations, respectively. The quantities �,
, r̂v and r̂f are functions of r�P0

; that is, they vary throughout the
ungs and their values are determined by using patient image data.

alidation image data set acquisition
This model was tested on 4 patient CT data sets acquired using

ur newly labeled 5D-CT technique (22–24). Fifteen CT scans
ere acquired using a 16-slice CT scanner (Sensation 16, Siemens
edical Systems, Concord, CA) operating in 12-slice mode with

.5-mm-thick slices (18-mm total scanned thickness). The scanner
as operated in cine mode using a 0.5-s rotation, 360° reconstruc-

ion, and 0.25 s between CT scans, requiring 11 s to acquire the 15
cans. Each 18-mm-thick region was termed the “couch position,”
nd 14–17 couch positions were typically required to scan the
ntire lungs of a patient.

Quantitative spirometry-measured tidal volume was simulta-
eously acquired (22–24). The tidal volume was measured using a

ig. 1. Mathematical characterization of motion of object (shown
s circle in reference breathing phase at r�P0

and square at arbitrary
hase at point r�P ) in lungs. Tidal volume and airflow indicated by
and f, respectively. r→v and r→f vector is tidal volume and airflow

isplacement vector, respectively.
alibrated digital spirometer (VMM 400, Interface Associates, s
aguna Niguel, CA) that was sampled at 100 Hz and had a 1-mL
igitization resolution. The digitization resolution was sufficiently
oarse that a simple differentiation of the tidal volume curve
ielded unacceptable artifacts in the airflow curve. Therefore, the
idal volume derivative was approximated at a time t by fitting the
idal volume curve throughout the range t � 0.2 s (41 points) to a
fth-order polynomial and taking the analytic derivative. Exami-
ation of the tidal volume data and resulting fit showed excellent
orrespondence. Even with this approach, the airflow curves con-
ained residual digitization artifacts of approximately 10% of the
aximal flow rates.
Our group has been active in the quantitative measurement and

valuation of breathing motion (1, 22, 23, 27–30). We previously
valuated the accuracy and precision of our 5D-CT techniques by
omparing tidal volume to air content, defined as the amount of air
n the lungs, bronchi, and trachea subtended by a single couch
osition. The relationship between the air content and tidal volume
as remarkably linear, even for couch positions that subtended the
iaphragm. Owing to differences in air density in the lungs vs. in
he CT scanning room, air entering the lungs expanded by a factor
f 1.11. Therefore, the rate of air content change summed through-
ut all couch positions that intercepted lung should have been 1.11
imes the airflow as measured by spirometry. For 12 patients, the
easured value was 1.08 � 0.06, indicating that the 4D-CT

rocess yielded accurate reconstructions (22). The standard devi-
tion of a linear fit between the air content and tidal volume was
ssumed to provide an upper bound on the measurement-to-mea-
urement precision of the 4D-CT process. For all patients, the
recision was 8% or better relative to the total tidal volume, with
mean value of 5.1% � 1.9%. The good correlation between air

ontent and tidal volume was due in part to the lack of detectable
ysteresis in the air content data. Had significant hysteresis been
resent in the air content, such as has been reported for internal
bject motion, the correlation would have suffered.

reathing motion measurements and model fits
We tested our model (Eqs. 1 and 2 and Fig. 1) using trajectories

racked using the 5D-CT data. The CT data were first converted into
ir content images by techniques described by Lu et al. (22) These
esulted in 3D images whose voxel values were equal to the fraction
f air content in those voxels. The images were ranked in order of
idal volume, first for scans acquired during inhalation and then
xhalation. These scans were often acquired during several breaths.
rajectories were obtained for selected regions in the air content

mages by first defining a template with the location of the template
elected manually using 1 of the 15 image sets (the 1 nearest mid-
xhalation). The criterion for selection was that the template contain
high-contrast object near its center (e.g., bronchial branch points).
or the CT image data sets, the voxels extended 0.938 mm in the

ateral and AP directions. The templates size was 20 � 20 � 8 voxels,
orresponding to 18.75 � 18.75 � 12 mm3. The location of the same
issues in subsequent images was determined by computing the nor-
alized correlation coefficient between the template and regions of

he same size in the subsequent image. A search was conducted to find
he peak value of the correlation. Although only translations of the
emplate were allowed, the purpose of the template-matching process
as to determine the motion of the template center. The registration

esults were checked visually to verify the template-matching process.
his process was repeated for the 14 images to provide 15 sets of (x,
, z) locations. In addition, the tidal volume and airflow were known
or each of the 15 positions. Given the relatively coarse CT voxel

pacing, the templates were positioned in couch positions near the
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iaphragm to provide relatively large motions. The accuracy of the
emplate matching was assumed to be within one voxel.

For the templates studied, lateral motion was negligible; thus, a 2D
epresentation of Eqs. 1 and 2 was used to model the motion. The
easured data were fit to the model by minimizing the root-mean

east-squares average distance between the fits and measurements.
ecause of the voxel size, the accuracy of the trajectory mapping was
stimated as one-half the voxel size, or 0.5 mm and 0.75 mm in the
P and craniocaudal direction, respectively. The spatial discrepancies
etween the fit and measured positions were tabulated as metrics of
he fit accuracy. For the 2D motion, there were six fitting parameters
�, �, r̂v and r̂f, and the two spatial components of r�P0

and 30 degrees
f freedom (two displacements in each of the 15 images). In the
ollowing results, the two axes corresponded to the craniocaudal and
P directions, with increasing values in the superior and posterior
irection, respectively.

RESULTS

Figure 2 shows an example of the template matching
echnique for Patient 1. Transverse air content images are
hown, and the template region from the first scan is high-
ighted. Figure 2a shows the template scan (lowest tidal
olume during inhalation) and Fig. 2b shows the maximal
idal volume. The correspondence was evident despite the
arge variations in tidal volume.

Figures 3 and 4 show an example of the model fits for two
emplates in different couch positions for Patient 1. Figure 4a
hows the tidal volume distribution for the 11-s period of the
can, with crosses indicating the times the scans were acquired.
or each case, the measured data included multiple breaths.
his is a significant advantage of using the cine, rather than the
elical, CT acquisition mode, because the amount of time over
hich the scans are acquired is not limited by the minimum

ouch translation speed. Figure 4b shows the measured
crosses) and fit (circles) positions of the tracked templates.
ines connecting the corresponding measured and fit points
ere provided as aid to the eye, and the axis origins have been
laced at the location of r�P for the template being evaluated.

Fig. 2. Template example used to track lung objects for
and (b) inhalation.
0

o provide a quantitative review of the fit quality, Fig. 4c i
hows histograms of the discrepancies. Because the continuous
idal volume curves were available, the model allowed a pre-
iction of the continuous motion of the templates throughout
he scan session. The model predictions of the continuous
otion of the template are shown in Figs. 3d and 4b. The
otion due entirely to the tidal volume vector is shown as a

ine emerging from r�P0
. Triangles were drawn along the lines to

ndicate the predicted template positions at 100-mL intervals.
Some important features of this technique can be seen in the

mages shown in Figs. 3 and 4. First, the breathing patterns
ere not regular, and the patients had not been coached during

he scanning sessions. The only instructions given were to
emain as still as possible, except for breathing. None of the
ore than 35 patients scanned to date was unable to under-

tand and attempt to follow this request. In 2 cases, the patients
ere unable to remain still enough to complete the CT scans,
ecause they could not lay down for more than a couple of
inutes. For Figs. 3 and 4, the fits were remarkably good, with

verage discrepancies of 0.5 mm and maximal discrepancies
1 mm, of a total motion range of 6–11 mm. This indicated

hat the model worked extremely well for the 11-s periods
epresentative of the scanning sessions.

The breathing pattern shown in Fig. 4 had some remark-
ble features. At the beginning of the scan, the patient
nderwent a breath of only 70 mL, very small compared
ith a normal tidal volume of 500 mL. The subsequent three
reaths were more even, but the inhalation and exhalation
olume still varied by �100 and 50 mL, respectively.
espite the wide tidal volume variation, the linear motion
odel still did extremely well, with an average and maximal

iscrepancy of 0.5 and 0.9 mm, respectively. Coinciden-
ally, a CT scan was acquired near the peak of the small
reath and the peaks of the next two normal breaths (68,
88, and 414 mL). For the 19 tracked points and each of
hese breath peaks, the predicted and measured positions
greed within 1.12 � 0.41 mm, 0.80 � 0.76 mm, 0.66 �
.40 mm of an average total motion of 10.3 mm from

tion of motion model. Near tidal volume (a) exhalation
valida
nhalation to exhalation. This agreement was excellent,
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iven a factor of seven difference in the depths of these
reaths. Pure phase-based breathing models would have
ermed each of the four breath peaks as “inhalations” and
ould have failed to model the motion differences during

ach breath adequately.
The trajectories of both templates shown in Figs. 3 and 4

re both elliptical and of similar shape. Other tracked tem-
lates in the same patient had a wide variety of trajectory
hapes. Examples are shown in Fig. 5 and consisted of both
ider and narrower elliptical trajectories, as well as trajec-

ories with different orientations. The mean and maximal
iscrepancies were provided for each trajectory.
The comparison of the measured and fit trajectories is

hown in Table 1 for the 4 tested patients. The total number

Fig. 3. Example of 5D motion model results for Patient
at this couch position was relatively regular. (a) Tidal vo
Crosses indicate times CT scans were acquired. (b) Meas
CT scans. Because of finite pixel resolution, some measu
between measurements and fits. Line passing through
intervals corresponding to 100-mL tidal volume (0 mL
discrepancies showing that, for this case, maximal discr
continuous tidal volume and airflow distributions measur
through distribution represents zero-flow trajectory, with
mL corresponded to origin on Fig. 3).
f couch positions and templates tracked in each patient is m
isted, as are the discrepancies between the measurements
nd fits. The mean and maximal discrepancies were inde-
endently determined for each tracked template (15 points).
he average of the mean discrepancies, the average of the
aximal discrepancies, and the worst-case maximal dis-

repancy were tabulated.
Of the 76 tracked points, the mean discrepancies

anged from 0.28 to 1.71 mm (average � SD, 0.75 �
.25). The maximal discrepancies were as small as 0.64 mm
nd as large as 3.31 mm (average � SD of maximal discrepancy,
.55 � 0.54).

The values of � ranged from 0.0072 to 0.0466 mm � mL�1,
nd the maximal tidal volume ranged from 381 to 857 mL for
he 4 patients. Using the � values and the tidal volume, the

ch position 10. Breathing pattern during CT acquisition
istribution during 11-s period of CT image acquisition.
rosses) and fit (circles) locations of object tracked in 15
itions overlapped. Line segments indicate discrepancies

ution represents zero-flow trajectory, with triangles at
sponded to origin on Fig. 3). (c) Histogram of spatial

was 0.6 mm. (d) Application of model parameters to
ing CT scan session for this tracked point. Line passing
es at intervals corresponding to 100-mL tidal volume (0
1, cou
lume d
ured (c
red pos
distrib
corre

epancy
ed dur
triangl
aximal displacement of the tested points ranged from 6.4 to



1
m
F
d
t
a
w

f
v
m
m
v
�
(
l
a
l

w
|
s

r
f
o
s
t
v
T
o
s

926 I. J. Radiation Oncology ● Biology ● Physics Volume 63, Number 3, 2005
7.5 mm. The mean discrepancy, expressed as a fraction of the
aximal displacement, was, therefore �10% for most cases.
igure 6 shows a histogram of the mean discrepancy/maximal
isplacement ratio for the 76 tracked points. The fraction of the
racked points that had a �10% and �15% average discrep-
ncy was 73% and 95%, respectively, indicating that the model
orked extremely well.
The values of � and � are compared in Fig. 7a. � varied

rom �0.01 mm � mL�1 to almost 0.05 mm � mL�1. �
aried from almost 0 (no hysteresis) to 0.006 mm � s �
L�1. To better understand the consequences of the nu-
eric values of � and �, the maximal extents due to the tidal

olume and airflow vectors were determined by multiplying
and � by the maximal tidal volume and airflow difference

maximal minus minimal airflow), respectively (Fig. 7b,
abeled as |r→f | and |r→v|. If the displacement due to the airflow
nd tidal volumes were equal (|r→f| ⁄ |r→v| � 1), the point would

Fig. 4. Example of 5D motion model results for Patient
at this couch position was irregular. (a) Tidal volume dis
indicate times CT scans were acquired. (b) Measured (
scans. Because of finite pixel resolution, some measu
discrepancies between measurements and fits. Continuou
distribution represents zero-flow trajectory, with triangl
corresponded to origin on Fig. 4). (c) Histogram of
discrepancy was 0.9 mm.
ie along the diagonal line shown in Fig. 7b. The trajectory m
ith the smallest eccentricity had a displacement ratio of
r→f | ⁄ |r→v| � 0.75, and some of the trajectories were almost
traight lines (|r→f | ⁄ |r→v| � 0).

DISCUSSION

The motion of an object in the lung during quiet respi-
ation has been shown to be a function of five degrees of
reedom, the location of the object at a user-specified phase
f breathing, tidal volume, and airflow (tidal volume phase
pace). The positions were parameterized by two vectors,
idal volume and airflow. The displacement along these
ectors was proportional to the tidal volume and airflow.
his model was applied to tracked regions within the lungs
f 4 patients, measured using 5D-CT. Despite the relatively
imple mathematical model, good agreement between the

ch position 12. Breathing pattern during CT acquisition
on during 11-s period of CT image acquisition. Crosses
) and fit (circles) locations of object tracked in 15 CT
ositions overlapped. Lines connecting points indicate
l prediction of motion also shown. Line passing through
ntervals corresponding to 100-mL tidal volume (0 mL
l discrepancies showing that, for this case, maximal
1, cou
tributi

crosses
red p

s mode
es at i
spatia
easured and calculated motion was observed. The average
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iscrepancy was better than 15% of the overall motion for
5% of the tracked points.
The points tracked for this study were a small subset of

he potential points within the scan data sets. The number
hat was analyzed was limited by the relatively long time
equired to select and track each point. We are developing
utomated techniques for point selection and improving the
fficiency of the tracking software to provide a wider array
f points, including the tumors, within each patient’s lungs.
nce this has been completed, we will examine the distri-

Fig. 5. Examples of continuous motion model prediction
maximal discrepancies shown. Lines passing through
intervals corresponding to 100-mL tidal volume (0 mL
ution of fitting parameters to determine whether they vary o
moothly across the lungs and can, therefore, be interpo-
ated between measurement points. This will be important
n regions of the lungs and tumors in which few distinguish-
ng features are available for tracking. Eventually, the mo-
ion model may be used to aid in the deformable registra-
ion, acting as a constraint to the motion solution.

For these evaluations, the points were selected in the
nferior portions of the lungs where the motion was large,
ut not so large as to extend beyond a single couch position.
utomation of the tracking procedure will make evaluation

ix points within Patient 1. For each location, mean and
tions represent zero-flow trajectory, with triangles at
onds to origins in Fig. 5).
s of s
distribu
f the motion in the superior lung more practical. The
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otion of the inferior portions of the lung extended beyond
single couch position, and the fitting process described

ere failed when the tracked point exited the couch position.
CT scanner that can acquire 16 slices simultaneously

either 0.75-mm or 1.5-mm thickness, Philips Brilliance,
leveland OH) has recently been commissioned, and the
urrent imaging protocol acquires 25 CT scans rather than
5. This will increase the range of lung over which the
racked objects remain within a single couch position, al-
hough algorithms to track points that cross between couch
ositions are also being developed.
The linear model was able to predict elliptical-looking tra-

ectories that are consistent with published literature. The non-
inear motion behavior came from the nonlinear time depen-
ence of the tidal volume. The fact that the tidal volume was
eriodic and that the motion was characterized by the tidal
olume and its time-derivative airflow allowed the model to
haracterize the complex breathing motion.

The motion model may also be predictive. The data exam-
ned here showed that the model was accurate for the 11-s
eriod during which the motion data were acquired. The
D-CT scanning protocols are being repeated both intra- and
nter-session to test the time dependence of the model’s accu-
acy. If the model is accurate for a few hours to a few days (to
ithin the accuracy of repositioning the patient), it may be

Table 1. Summary of breathing m

Pt. no.
Couch

position
Tracked

points (n)

Mean
discrepancy

(mm)

1 10 13 0.61
11 12 0.68
12 19 0.68
14 5 1.07

2 14 1 1.06
3 10 6 1.02
4 10 14 0.78

12 4 0.81
13 2 0.90

ig. 6. Histogram of mean discrepancy/point displacement ratio,

xpressed as percentage, for 76 tracked points. g
sed to predict the internal motion of the tumor and normal
rgans during breathing if the tidal volume is monitored. If the
odel is shown to be accurate for a few hours to a few weeks,

t may be useful for treatment planning, with or without linear
ccelerator gating or tumor tracking.

If the model proves to be robust with respect to the patient
opulation and is stable in time, it may prove to be an exciting
reakthrough in the characterization of human breathing mo-
ion. The modeling of breathing as a function of tidal volume
hase space rather than time, coupled with real-time tidal
olume measurements, could provide the clinician with an
ccurate determination of the real-time motion of the tumor

model fitting of 4 patient cases

Average maximal
discrepancy (mm)

Maximal
discrepancy

(mm)

Average
displacement

(mm)

1.25 1.82 7.4
1.35 2.21 8.4
1.33 1.93 10.3
2.23 3.31 13.2
2.06 2.06 17.5
2.18 3.20 13.2
1.66 2.63 6.4
1.77 1.92 10.2
1.82 1.86 11.0

ig. 7. (a) Comparison between airflow and tidal volume coeffi-
ients, � and �. (b) Distances traveled for each point due to airflow
nd tidal volume variations compared. Line is shown along equal
istances, where trajectory would most closely resemble a circle.
he smaller the airflow/tidal volume vector magnitude ratio, the
otion
reater the eccentricity of the trajectory.
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nd internal organs during breathing, even for very irregular
reathing. Breathing coaching may improve or degrade this
elationship because of the unknown effects of conscious self-
onitoring and feedback. Additional research is necessary to

etermine the effects of coaching on breathing motion.
The proposed model does not account for tumor motion

ue to the cardiac cycle. As the time required to acquire the
T scans decreases (the minimal time with the new CT

canner is currently 0.3 s), tumor motion owing to the
ardiac cycle may be imaged in the scans. If the cardiac
ycle is measured along with the breathing cycle, it may be

ossible to add cardiac motion to the model. t
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The motion model has the potential to map lung func-
ion using the measured trajectories. If the model is
undamentally correct in its physical properties, the
odel parameters should vary smoothly as a function of

he position within the lungs. Therefore, interpolation of
he model parameters will be possible, and the behavior
f the model as a function of position could be used to
etermine the local filling and emptying by examining
he local motion divergence. The motion data should also
e able to determine subtle phase differences in the
otion of each region, providing additional insights into
he lung’s function.
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