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Purpose: To characterize and quantify free breathing lung tissue motion distributions.
Methods: Forty seven patient data sets were acquired using a 4DCT protocol consisting of 25 ciné
scans at abutting couch positions on a 16-slice scanner. The tidal volume of each scan was mea-
sured by simultaneously acquiring spirometry and an abdominal pneumatic bellows. The concept of
a characteristic breath was developed to manage otherwise natural breathing pattern variations. The
characteristic breath was found by first dividing the breathing traces into individual breaths, from
maximum exhalation to maximum exhalation. A linear breathing drift model was assumed and the
drift removed for each breath. Breaths that exceeded one standard deviation in period or amplitude
were removed from further analysis. A characteristic breath was defined by normalizing each breath
to a common amplitude, aligning the peak inhalation times for all of the breaths, and determining the
average time at each tidal volume, keeping inhalation and exhalation separate. Breathing motion tra-
jectories were computed using a previously published five-dimensional lung tissue trajectory model
which expresses the position of internal lung tissue,

⇀

X, as:
⇀

X(v, f :
⇀

X0) = ⇀

X0 + ⇀
α(

⇀

X0)v + ⇀

β(
⇀

X0)f,

where
⇀

X0 is the internal lung tissue position at zero tidal volume and zero airflow, the scalar values v

and f are the measured tidal volume and airflow, respectively, and the vectors ⇀
α and

⇀

β are fitted free
parameters. In order to characterize the motion patterns, the trajectory elongations were examined
throughout the subject’s lungs. Elongation was defined here by generating a rectangular bounding
box with one side parallel to the ⇀

α vector and the box oriented in the plane defined by the ⇀
α and

⇀

β

motion vectors. Hysteresis motion was defined as the ratio of the box dimensions aligned orthogonal
to and parallel to the ⇀

α vector. The 15th and 85th percentile of the elongation were used to characterize
tissue trajectory hysteresis.
Results: The 15th and 85th percentile bounding box elongations were 0.090 ± 0.005 and 0.083
± 0.013 in the upper left lung and 0.187 ± 0.037 and 0.203 ± 0.053, in the lower left lung. The
15th and 85th percentiles for the upper right lung were 0.092 ± 0.006 and 0.085 ± 0.013, and 0.184
± 0.038, and 0.196 ± 0.043 in the lower right lung. Both percentiles were calculated for tidal vol-
ume displacements between 5 and 15 mm. In the left lung, the average elongations in the upper and
lower lung were ζ̄ = 0.120 ± 0.064 and ζ̄ = 0.090 ± 0.055, respectively. The average elongations
in the upper and lower right lung were ζ̄ = 0.107 ± 0.060 and ζ̄ = 0.082 ± 0.048, respectively. The
elongation varied smoothly throughout the lungs.
Conclusions: The hysteresis motion was relatively small compared to the volume-filling motion,
contributing between 8% and 20% of the overall motion. Statistically significant differences were
observed in the range of hysteresis contribution for upper and lower lung regions. The characteristic
breath process provided an excellent method for defining an average breath. The characteristic breath
had continuous tidal volume and airflow characteristics when the breath was continuously repeated,

043501-1 Med. Phys. 40 (4), April 2013 © 2013 Am. Assoc. Phys. Med. 043501-10094-2405/2013/40(4)/043501/8/$30.00

http://dx.doi.org/10.1118/1.4794504
http://crossmark.crossref.org/dialog/?doi=10.1118/1.4794504&domain=pdf&date_stamp=2013-03-14


043501-2 White et al.: Distribution of lung tissue hysteresis during free breathing 043501-2

useful for generating patterns representative of realistic motion for breathing motion studies. © 2013
American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4794504]
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I. INTRODUCTION

Low et al.1 has hypothesized that breathing motion hysteresis
is caused by the distribution of internal lung pressure imbal-
ances during breathing. To arrive at their breathing motion
model, a few assumptions were made for quiet respiration.
The pressure imbalances were assumed to be proportional to
the vacuum developed to generate inspiration and the vacuum
was itself proportional to the airflow. Hysteresis motion mag-
nitudes were assumed to be proportional to the airflow. The
breathing motion model assumed that the motion component
due to tidal volume fluctuations was independent of the mo-
tion component due to airflow variations. As a consequence of
this assumption, hysteresis motion due to pressure imbalances
would occur with the same magnitude regardless of whether
the subject was near peak inhalation or exhalation. Similarly,
the tidal volume lung expansion component at a specific point
in time would not depend on the breathing rate.

In respiratory physiology, hysteresis is defined as the
difference between the transpulmonary pressure of inhalation
(increasing volume) and the pressure of exhalation (decreas-
ing volume).2 Transpulmonary pressure is defined as the dif-
ference between the alveolar pressure and the pleural pressure
within the lung, which is not equally distributed throughout
the lung. Therefore hysteresis is not equivalent at every
point. The heterogeneous distribution in the transpulmonary
pressure was first proposed to be caused by the distension
of internal air spaces by the elastic forces surrounding the
tissue.3 Based on an idealized phantom of lung parenchyma,
they suggested that tissue in the lung uniformly expanded
with volume. The phantom was an enlarged alveolar geometry
consisting of a rigid frame enclosed with latex to form a mem-
brane. Known volumes of air were introduced into the phan-
tom and the resulting membrane displacement was observed.
Lambert et al.4 expanded these findings to nonidealized situa-
tions by developing a mathematical model of the parenchyma
utilizing the pressure and volume as metrics to calculate
tissue stress, which they called tissue elasticity. The tissue
elasticity was subsequently shown to be uneven throughout
the parenchyma.5–7 Attempts to model the imperfect elasticity
of the lung were made with nonlinear models7–11 and stress
force heterogeneity of parenchyma strips.12–15

Advances in radiation therapy imaging enabled Seppen-
woolde et al.16 to perform real time measurements of gold
markers implanted in the lung. The trajectories of the gold
markers were observed and the marker paths were modeled as
even power cosine functions in time, one for each orthogonal
direction. They described the phase difference between the
two paths as the magnitude of hysteresis. While the authors
stressed they were not proposing a respiratory model, they
discussed the possibility of modeling respiration as a function
of time. However, because of breathing pattern irregularities,
time alone was insufficient to model lung tissue motion.

The transport of gas within the lung exhibits simultane-
ous diffusion and convection which Paiva17 proposed to be a
function of tidal volume, airflow, and respiratory period. The
solution was based on matter balance for an infinitesimally
small volume. He claimed that inhomogeneous lung ventila-
tion was most likely caused by the irregular dichotomy of the
bronchial tree.

While these studies attempted to characterize and quan-
tify lung tissue motion during free breathing, they fell short
in achieving a comprehensive characterization metric. Con-
struction of a comprehensive characterization metric would
account for the large variability in period and amplitude dur-
ing the observational period. We propose instead a method to
create a single characteristic breath that maintains the under-
lying respiratory patterns of the subject during the observa-
tional period. With the characteristic breath we will construct
characteristic trajectories for each lung tissue voxel during
the observational period that mirrors the breath to breath lung
tissue trajectories. Our characterization metric will provide a
quantitative tool to create realistic and repeatable patient spe-
cific breathing patterns that can be used, for example, to drive
dynamic lung phantoms. We will employ the characteristic
breath, along with the measured motion model parameters, to
determine the relative amount of hysteresis in lung tissue mo-
tion patterns.

II. METHODS AND MATERIALS

II.A. Data acquisition

This study recruited 47 patients on an IRB approved clin-
ical trial; each imaged using a 4DCT protocol conducted on
a 16-slice CT scanner (Philips 16-slice Brilliance CT). The
patient cohort contained 26 lung cancer patients and 21 non-
lung cancer patients. The protocol called for 25 ciné scans
at abutting couch positions to image the lungs, using 0.75
mm thick slices. Each couch position took 18.2 s to acquire
all 25 scans. The images were reconstructed using a 512 ×
512 voxel matrix and an inplane field of view of 50 cm. The
slice thickness was 1.5 mm. The duration of recorded breath-
ing data collected for each scanning session was in excess of
300 s.

The tidal volume was simultaneously monitored using a
spirometer and an abdominal pneumatic bellows. The spirom-
eter (Interface Associates, Aliso Viejo, CA, VMM 400) was
sampled at a rate of 100 Hz and with a 1 ml tidal volume res-
olution. To account for known spirometer instrumental sig-
nal drift,18–20 an abdominal pneumatic belt (Philips Medical
Systems, Cleveland, OH), known as the bellows, was used
as an independent metric. An illustration of the experimen-
tal setup can be viewed in Fig. 1 of Lu et al.19 A pres-
sure transducer measured the pressure change inside the belt
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during inhalation and exhalation. The relationship between
the bellows and spirometer was found to be highly correlated
by Werner et al.21 over a time period equal to the time to
scan a single couch position; 18.2 s. A linear drift correc-
tion was independently applied to the spirometer signal for
each segment and used to convert the bellows signal into tidal
volume.21

Airflow was calculated from tidal volume with a first or-
der time derivative. The tidal volume was smoothed using a
moving fifth order polynomial fit to reduce sampling noise.
The polynomial order was selected based on observing no
substantial improvement for using higher order polynomial
fits. An analytical derivative of the tidal volume was calcu-
lated over a period of one gantry rotation centered on the point
where the airflow was determined.

II.B. Characteristic breath

In order to characterize the average motion of lung tis-
sue during respiration, the concept of a characteristic breath
was developed. The characteristic breath was calculated from
the respiratory signal as measured by the bellows, the ab-
solute breathing amplitude being unnecessary for the sub-
sequent analysis. The signal was segmented into individual
breaths from maximum exhalation to maximum exhalation.
Each breath was normalized to maximum inhalation, shifted
in time to align at maximum inhalation, and linearly corrected
for physiologic drift such that the beginning and end tidal vol-
umes were equal and zero. Breaths exceeding one standard
deviation in period or amplitude from their respective means
were removed from subsequent analysis. One standard devia-
tion was selected to conservatively exclude breathing outliers
from the definition of the characteristic breath. The breaths
were further subdivided into inhale and exhale components.
This process resulted in a set of superimposed normalized
breaths coincident in both amplitude and time at peak inhala-
tion, and having zero amplitude at exhalation. The character-
istic breath was defined as the average of the breaths in time
at each tidal volume, separately determined during inhalation
and exhalation. The airflow was calculated by a first-order
time derivative of the characteristic breath. The characteris-
tic breath provided the airflow and tidal volume samples that,
along with the 5D breathing motion model, provided the hys-
teresis evaluation.

II.C. Five-Dimensional breathing motion model

In 2005, Low et al.1 proposed a motion model that em-
ployed tidal volume and airflow as measurable surrogates for
the breathing cycle. The breathing motion model described

the position of internal lung tissue
⇀

X as a function of tidal

volume (v) and air flow (f) for tissue positioned at
⇀

X0.during
tidal exhalation, v = f = 0 1

⇀

X(v, f :
⇀

X0) = ⇀

X0 + ⇀
α(

⇀

X0)v + ⇀

β(
⇀

X0)f, (1)

where ⇀
α(

⇀

X0) accounted for motion due to lung filling, and
⇀

β(
⇀

X0) described the hysteresis motion component. While

time was not explicitly expressed in the model, it was im-
plicitly considered in the time dependence of the tidal vol-

ume and airflow. The coefficients ⇀
α and

⇀

β were determined
using measured tissue positions acquired by conducting de-
formable image registration on 4DCT images that were ac-
quired with simultaneous quantitative spirometry. The model
has been used to evaluate both tumor and normal lung tissue
motion and initial indications show the model to be sensitive
to radiation-induced tissue changes.22

The breathing motion model employed two vector fields,
⇀
α and

⇀

β, that, along with the breathing waveform, were used
to describe the lung tissue motion during breathing. ⇀

α and
⇀

β, were not in and of themselves sufficient to provide a de-
scription of the motion. In order to visualize and analyze the
complex nature of breathing motion, some simplification was
required. In this work, we elected to define a characteristic
breath as a breath that began and ended at the same tidal
volume (defined as 0 ml) with zero airflow. The breath had
also to be truly characteristic of the patient’s breathing cy-
cle and therefore the breath had to be derived from the pa-
tient’s breathing cycles. The second simplification was in the
description of the breathing motion pattern. The characteristic

breath allowed, along with ⇀
α and

⇀

β, the generation of a single,
closed path for each tissue voxel.

II.D. Image registration

Deformable image registration was used to map the motion
of each tissue region. The image reconstructed at a tidal vol-
ume closest to end exhalation was employed as the reference
scan. A fast normalized cross-correlation (NCC) method23

was used with a 11 × 11 × 10 pixel cube centered on each
voxel, corresponding to a volume of 10.7 × 10.7 × 15 mm3.
The center voxel was searched for in the bounded region for
each scan. Each voxel in the nonreference image was searched
for in the bounded region centered on the spatial location cor-
responding to the reference image. The bounded region was
sufficiently large enough to contain the voxel in question. Im-
age datasets were reconstructed with percentile tidal volumes
corresponding to the percentage of time the surrogate mea-
sured a particular volume. Each breath has different inhala-
tion and exhalation volumes. Exhalation (i.e., zero volume)
was defined as the 5th percentile, v5, meaning the tidal vol-
ume was less than this value 5% of the time during the scan-
ning session. Inhalation was defined as the 85th percentile
tidal volume; v85. The reference image was chosen to be the
scans closest to exhalation. The total tidal volume difference
between successive scans was less than 100 ml, which corre-
sponded to less than 8 mm of tissue motion. The search was
first conducted with the scan nearest to tidal exhalation. Once
the vector deformation map between that scan and the refer-
ence was determined, the next scan was selected. Rather than
start the search assuming that the third scan had the same de-
formation as the second, the second was extrapolated by the
ratio of tidal volumes to provide the initial search space for
the third scan. This process was repeated separately for the
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TABLE I. Summary of the 15th and 85th percentile lung tissue elongation for increasing tissue displacement in
each lung sub-region.

Tissue
Left upper lung Left lower lung Right upper lung Right lower lung

displacement (mm) 15th 85th 15th 85th 15th 85th 15th 85th

5–7.5 0.097 0.238 0.099 0.271 0.098 0.239 0.102 0.252
7.5–10 0.088 0.187 0.086 0.215 0.089 0.177 0.089 0.204
10–12.5 0.091 0.172 0.079 0.178 0.084 0.162 0.077 0.172
12.5–15 0.085 0.150 0.069 0.148 0.095 0.158 0.072 0.155
15–17.5 0.094 0.156 0.070 0.138 0.098 0.164 0.060 0.134
17.5–20 0.072 0.143 0.066 0.130 0.108 0.173 0.056 0.117
20–22.5 0.081 0.121 0.063 0.117 0.114 0.199 0.054 0.115
22.5–25 0.089 0.169 0.064 0.121 0.121 0.216 0.058 0.124

scans acquired during inhalation and scans acquired during
exhalation.

Once the registrations were completed, the 5D breathing
motion model was fit to the motion data using a Nelder-
Mead Optimization Algorithm24 where the root mean least
square distance between the measurements and the fitting of
the breathing motion model was defined as:22

min
⇀
X0,

⇀
α,

⇀
β∈�3

25∑
i=1

‖ ⇀

Xi − ⇀

X0 − ⇀
αvi − ⇀

βfi‖, (2)

where
⇀

Xi , vi , and fi were the tissue position, tidal volume, and

airflow for the ith scan. The
⇀

X0, ⇀
α, and

⇀

β vectors in space R3

were the fitting parameters. The angle ϑ between ⇀
α and

⇀

β was
determined with the expression

ϑ = arccos

(
⇀
α · ⇀

β

|⇀
α||⇀

β|

)
. (3)

II.E. Lung tissue elongation

The phase difference between the volume and flow al-
lowed the 5D breathing motion model to describe the com-
plex lung tissue motion paths, but made a straightforward de-
scription of those paths challenging. Given the inherent com-
plexity of the trajectories, we elected to describe the hystere-
sis behavior by building a bounding box around the closed
trajectory, with one edge of the box parallel to ⇀

α (termed

the parallel side), the box lying in the plane of the ⇀
α and

⇀

β

vectors, and whose width and length just encompassed the
trajectory. The ratio of perpendicular to parallel box dimen-
sions were defined as the tissue trajectory elongation ζ . An
illustration of the elongation geometry and terms can be seen

in Fig. 1. For example, when ⇀
α and

⇀

β were orthogonal, the
elongation was

ζ = Max(βf ) − Min(βf )

Max(αv)
. (4)

II.F. Lung subdivision

Breathing motion magnitudes and characteristics are
known to be functions of the location within the lungs. Most
lung tissue motion has been shown to be oriented in the
superior-inferior direction and the magnitude of the motion is
greater in the inferior lung.16 The contribution of hysteresis is
also expected to differ as a function of the position within the
lungs. The apex of the lung should display an increased elon-
gation as the motion in the superior-inferior direction is con-
strained. Furthermore the presence of varying types of tissue,
such as a localized tumor, should have an effect on the relative
contribution of hysteresis to the trajectory of the tissue.

Differences also exist between the right and the left lungs.
The left lung contains two lobes compared to the three lobes
of the right lung. The right lung is shorter than the left lung in
the cranial caudal direction but wider in the lateral direction.
Overall the total volume capacity of the right lung is typically
greater than the capacity of the left lung. The Ansari-Bradley
test was used to test the spread of the lung tissue elongation
distribution compared to a lognormal distribution. The lung

FIG. 1. The tissue trajectory was calculated by the ⇀
α and

⇀

β vectors scaled
by v and f, respectively, which was calculated from the characteristic breath,

and the angle between ⇀
α and

⇀

β , ϑ .
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TABLE II. Percentage of cases showing significant difference between the
respective comparisons.

Lung
sub-region
comparison

Upper left vs
lower left

Upper right vs
lower right

Upper left vs
upper right

Lower left vs
lower right

Statistically
different at
95% CI

85% 83% 35% 22%

tissue elongation for the upper and lower lung was tested with
a Kruskal-Wallis ANOVA test to determine if a significant
difference existed between the right and left lung at the 95%
confidence interval. The tissue elongations of the right and left
lung, as well as the superior and inferior portions of the lungs,
were independently analyzed to identify spatial hysteresis dif-
ferences. Tissues with displacements of less than 5 mm were
excluded from the analysis. To further characterize the tissue
elongation, the 15th and 85th percentile values were reported
to illustrate the small and large elongations, respectively.

III. RESULTS

An Ansari-Bradley Test found the lung tissue elongation
had a lognormal distribution (p̄ < 0.01). The average elon-
gation in the upper and lower halves of the left lung were
ζ̄ = 0.103 ± 0.056 and ζ̄ = 0.092 ± 0.051, respectively. The
average elongation in the upper and lower halves of the left
lung were ζ̄ = 0.120 ± 0.064 and ζ̄ = 0.090 ± 0.055. The
average elongation in the upper and lower halves of the
right lung were ζ̄ = 0.107 ± 0.060 and ζ̄ = 0.082 ± 0.048.
In each lung and sub-region the elongation trend decreased
for increasing tissue displacement. The 15th percentile elon-
gations were 0.090 ± 0.005 and 0.083 ± 0.013 in the up-
per and lower left lung, respectively, and 0.092 ± 0.006 and
0.085±0.013 in the upper and lower right lung, respectively,
for motion magnitudes between displacements of 5 mm and

FIG. 3. Histograms summarizing the average distribution of the tissue elon-
gation for the left and right lung across lung cancer, nonlung cancer, and
combined patient data sets.

15 mm. The 85th percentile elongations were 0.187 ± 0.037
and 0.203 ± 0.053 in the upper and lower left lung, respec-
tively, and 0.184 ± 0.038 and 0.196 ± 0.043 in the upper and
lower right lung, respectively, for motion magnitudes between
5 mm and 15 mm. A summary of the elongation distribution
at the 15th and 85th percentiles for tissue displacements up to
25 mm can be seen in Table I. In each lung and sub-region, the
elongation decreased with increasing tissue displacement. A
Kruskal-Wallis ANOVA test found statistically significant dif-
ferences between the lung tissue elongation in the upper and
lower portions of the left lung (p = 0.009) for 85% of patients
and the right lung (p = 0.018) in 83% of patients. The lung tis-
sue elongation in both the upper and lower right and left lungs
were found to be similar (p = 0.355) for the majority of the
patients. Table II reports the percentage of patients display-
ing a statistically different comparison between the lung sub-
regions. Figure 2 displays the distribution of maximum tissue
displacement and the elongation distribution at increasing tis-
sue motion intervals for all patients. The elongation distribu-
tion for lung cancer and nonlung cancer patients is illustrated
in Fig. 3 for the right and left lungs.

FIG. 2. Histograms displaying the distribution of the tissue displacement (a) and the distribution of the elongation at increasing tissue motion intervals (b).
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IV. DISCUSSION

The characteristic breath method consistently produced a
single breath that was highly representative of the breaths
measured during the collection duration. An observable res-
piratory pattern was displayed in the characteristic breath.
Figure 4 shows four examples of the characteristic breath
for three lung cancer patients, one patient was imaged twice.
The patient who was imaged twice [Figs. 4(a) and 4(b)] had
similar characteristic breaths in both sessions. The sessions
occurred two weeks apart but the characteristic breaths had
similar respiratory patterns. The characteristic breaths of this
patient had a strikingly different pattern than the two other
examples shown in Figs. 4(c) and 4(d). There was a unique
characteristic breath for each patient.

The elongation distribution throughout the lung displayed
characteristics that differed in the presence of lung cancer.
Figure 5 displays two examples of lung cancer and two ex-
amples of nonlung cancer results that were typical of the ob-
served results. The patient in Fig. 5(a) had a stage 1A tumor in
the left upper lung in the same location as the greater elonga-
tion values. The locally greater elongation values can be seen
in Fig. 5(b) where a stage 3A tumor was present in the right
lower lung. The elongation distributions for the lung cancer
patients in the local tumor region were different than for the
nonlung cancer patients in similar locations. Figures 5(c) and
5(d) displays typical results for nonlung cancer patients. For

these cases the elongation varied smoothly throughout the
lung and did not exhibit large local variations. Despite an ob-
servable local difference, there was no statistically significant
difference, at the 95% confidence interval, with respect to the
average lung tissue elongation between lung cancer and non-
lung cancer patients (Kruskal-Wallis test) as shown in Fig.
3. This suggests the lung compensated for the increased hys-
teresis of diseased tissue by reducing the hysteresis of healthy
lung tissue.

The comparison between the upper right lung and upper
left lung displayed statistically significant variation in 35% of
patients. Only 22% of patients displayed a statistically sig-
nificant difference between the lower right lung and lower
left lung at the 95% confidence interval. This disparity be-
tween the upper and lower lung regions can be expected due
to the relatively small motion magnitudes present in the upper
lung compared to the lower lung.25 The motion variation was
less for the lower right lung and lower left lung due to the in-
creased motion magnitudes present there. As seen in Table I,
when the overall motion displacement increased, the av-
erage elongation was observed to decrease in magnitude.
This inverse relationship shows the relative hysteresis com-
ponent of lung tissue motion decreases as the motion dis-
placement increases. When modeling lung tissue motion it
would be possible to ignore hysteresis for sufficiently large
displacements with only a marginal error in tissue motion
characterization.

FIG. 4. Airflow vs tidal volume relationships for the entire breathing session and the unique characteristic breath for one patient imaged in two separate sessions
(a) and (b) and two additional patients (c) and (d).

Medical Physics, Vol. 40, No. 4, April 2013
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FIG. 5. Elongation maps of different patients with (a) and (b) and without (c) and (d) lung cancer. The elongation distribution varies smoothly in the nonlung
cancer patients and displays regionally high elongation at the tumor sights in the lung cancer patients.

In 2008 a study by Boldea et al.26 reported hysteresis
for five patients treated with external beam radiation for
nonsmall cell lung cancer. They reported the hysteresis mo-
tion to be larger in the tumor volume than in healthy tissue
which is in agreement with the results of this study. Further-
more the elongation was in agreement with the ratio of hys-
teresis magnitude to tissue trajectory length reported in previ-
ous studies.16, 27

V. CONCLUSIONS

The hysteresis behavior of breathing motion was analyzed
using a motion model that describes breathing motion as a
function of tidal volume and airflow. A characteristic breath
was defined to summarize individual patient’s breathing cy-
cles in such a way that the breathing motion path could be de-
fined without discontinuities. The elongation magnitude was
relatively small, usually less than 25% of the tidal-volume
generated tissue motion. Implications of these results are that
in many cases, ignoring hysteresis would yield small errors
in the tissue motion characterization. Therefore, when de-
veloping amplitude-based gating techniques, reviewing these
data could be used to determine the consequences of ignoring
hysteresis.
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