Modeling Respiratory Mechanics in the MCAT and Spline-Based MCAT Phantoms

W. Paul Segars', David S. Lalush™?, and Benjamin M. W. Tsui*?
'Department of Biomedical Engineering and Department of Radiology
The University of North Carolinaat Chapel Hill, Chapel Hill, NC

Abstract

Respiratory motion can cause artifacts in myocardial
SPECT. We incorporate respiratory mechanics into the
current 4D MCAT and into the next generation spline-based
MCAT phantoms. In order to simulate respiratory motion in
the current MCAT phantom, the geometric solids for the

diaphragm, heart, ribs, and lungs were altered through | AL
manipulation of parameters defining them. Affine e ACTIVE
transformations were applied to the control points defining -—= PASSIVE

Figure 1: Motion of the diaphragm during respiration [1]. During
inspiration, the digphragm contracts increasing the volume of the
thoracic cavity.  During expiration, the diaphragm relaxes
decreasing the volume of the thoracic cavity.
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the same respiratory structures in the spline-based MCAT
phantom to simulate respiratory motion. The NURBS
surfaces for the lungs and body outline were constructed in
such away as to be linked to the surrounding ribs. Expansion
and contraction of the thoracic cage then coincided with
expansion and contraction of the lungs and body. The changes external
both phantoms underwent were splined over time to create SPINE internal
time continuous 4D respiratory models. We conclude that ‘ E\

both respiratory models are effective tools for researching Qaf

effects of respiratory motion.
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AXIS OF ROTATION
. BACKGROUND Figure 2: Motion of the ribs during respiration [1]. The ribs rotate

Respiratory mechanics involve the motion of the  about an axis through their costal neck affecting the transverse and
diaphragm, heart, thoracic cage, and lungs [1,2,3]. When the ~ anteroposterior diameter of the thoracic cavity.
diaphragm contracts, it forces the abdomina contents
downward and forward increasing the volume of the thorax. in the area of the inferior wall of the left ventricle [4]. The
When the diaphragm relaxes, the abdominal contents move artifacts have been shown to be more significant during the
upward and inward decreasing the volume of the thorax. The expiratory phase due to the attenuation of the inferior uptake
level of the diaphragm can move up and down from 1-10 cpy the diaphragm and the scatter from upper abdominal
during breathing (Fig. 1). The diaphragm moves about 1 cigans such as the liver and stomach [4]. Incorporating
during normal tidal breathing [1]. The heart can be seen kgspiratory motion into the MCAT phantoms makes them an
move upward and downward in some fashion with th@ﬁective tool to research such effects of respiratory motion.
diaphragm. Recent studies suggest that the heart movement isT he 4D Dynamic MCAT phantom [5-8] was developed to
S|mp|y a r|g|d body translation [3] During respiration, thepermlt Study of the effects of anatomical variations on cardiac
ribs rotate about an axis through their costal necks to affé@?ECT images [9] and study of gated SPECT [7,10].
the anteroposterior and transverse diameters of the thoraéifortunately, it is limited in its ability to realistically model
cavity (Fig. 2). During inspiration, the external intercostaftnatomical variations and patient motion. Thus, a phantom
muscle contracts pu|||ng the ribs upward and forwarH]at will model these effects must rEIy on a different set of
increasing the transverse and anteroposterior diameters of Rfignitives to describe the structures in the torso.
thorax. During expiration, the internal intercostal muscle An appropriate primitive that will permit the kind of
contracts pulling the ribs downward and inward decreasigodeling needed is the non-uniform rational B-spline
both the transverse and anteroposterior diameters of {hWJRBS) [11,12]. NURBS are widely used in 3D computer
thorax. The lungs inflate and deflate with changes in tHraphics to describe three-dimensional surfaces. A NURBS
volume of the thoracic cavity. surface (Fig. 3) is a bidirectional parametric representation of

Respiratory motion can cause artifacts in myocardi@n object. Points on a NURBS surface are defined by two

SPECT leading to the misinterpretation of images especiaframetric variables) andv, usually representing longitude
and latitude respectively.

This work was supported by Public Health Service Grant NIH RO1 A 3D _NURBS §urf§1ce .Of degrqmln the u.dlrecFlon and
CA39463. Its contents are solely the responsibility of the authors ~ d€greeq in thev direction is defined as a piecewise ratio of

and do not necessarily represent the official views of the PHS. B-spline polynomials by the following function [11,12].




n m resulting NURBS respiratory model is more realistic than the

Ni o (UN o (VWi P geometry-based model of the MCAT. Both respiratory
S(u,v): 1=0 |= Q) models, however, can be useful tools in studies involving the
oo effects of respiratory motion.
Z Z Ni,p(U)Nj,q(V)Wi,j
ERE [I. METHODS
O<u<1l The movement of the diaphragm during respiration was

simulated in the MCAT phantom by altering the parameter for
the height of the left and right diaphragm sections (Top Fig.
4). The movement of the diaphragm in the spline-based

W ;Zev\llaei'%grﬁg ﬁzqtdtz’tae?r)r::tr:gl e{JgI(?it:tg e&?llggntgs z;llrfticee’sha&MegAT was simulated by translating control points that define
') ) left and right diaphragm surfaces (Bottom Fig. 4). The
of the surface, andliy(u) and N, 4(v) are the nonrational B- g phrag ( g- 4)

line basis functi defined on the knot vect ratio of the vertical distances between the levels of the control
Spline basis functions defined on the knot vectors points was kept constant so that the degree of curvature of the

O<v<il

O H diaphragm changed as well as the height. The heart in both
U :g’""Onup+1’---’ur—p—1v];;1E ) phantoms was translated linearly up and down with the
p+l p+l movement of the diaphragm.
The ribs in the original MCAT phantom are defined by
0 0 tilted cut planes through a cylinder (Fig. 5A). This definition
V = 1"'101Vq+11"'1Vs—q—1vll"'11§ €) dogs not allow for the ribs to be rptated about .the axis through
E)Tﬂ e their costal necks. The rotation of the ribs has to be

approximated through the parameters that define them. The

WhT\IrSrR:BgJ'pJ; 1 ands:m+nqﬂ:1r L therefore. they per mrfES are defined by three parameters in the current MCAT
surfaces are continuous, theretore, they p eP antom: the rib long axis, the rib short axis, and the tilt angle
representation of a surface at any resolution. A disadvant 981 e ribs

of NU.RBS 1S the mathemancal gomplexmes they .lntroducel, To approximate the change in the transverse diameter of
but with the increase in complexity comes a vast increase niy;

flexibility to model biological shapes more realistically e thoracic cavity due to the rotation of the ribs, the
T ) : i i It Fig.
Also, NURBS can be altered easily via affine and oth arameter for the long axis of the ribs (RLA) was altered (Fig

. L : B). The RLA was simply increased or decreased to change
transformations to model variations in anatomy amontr';]e transverse diameter

pah?n;s_t T?he par?culfar trr?tr:srorm?;lton tr?reefsh Oglymtgtrib € 1o approximate the change in anteroposterior diameter of
appied to ne Sset of control points oug the thoracic cavity due to the rib rotation, the parameter for

multiplication [13,14]. . . ; ;
The spline-based MCAT phantom [13] was developetokl]e rib short axis (RSA) was altered (Fig. 5C). Keeping the

using the Visible Human Project CT data as a basis to
construct 3D NURBS surfaces for torso structures other th
the heart. A 4D NURBS model of the beating heart w
incorporated from a previous study [14]. The spline-bas
MCAT phantom can model organ shape and anatomic
variations and patient motion more realistically than th
current MCAT phantom.

We incorporate respiratory mechanics into the geometry-
based MCAT and the spline-based MCAT phantoifise
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u Il L, - e Figure 4: (Top)Parameter for the height of the diaphragm is altered to
o a : ==—M- translate the diaphragm upward and downward in the current MCAT
|| 1! g _‘_'_ phantom. (Bottom) The control points of the diaphragm in the spline-based

S

MCAT phantom are translated upward and downward to simulate its
respiratory movement. The ratio of the vertical distances between the levels of
control pointsis maintained so the degree of curvature changes with the
height. The heart moves with the diaphragm in both phantoms. The right
portion of the diaphragm is shown in the above examples.

Figure 3: 3D NURBS surface.
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Figure 5: (A) MCAT phantom ribs are defined as tilted cut planes
through a cylinder. (B) Transverse diameter change modeled through
rib long axis parameter. (C) Anteroposterior diameter change

modeled through rib short axis parameter. The tilt angle changes
with the change in therib short axis.

rib length L constant, the tilt angle 6 of the cut planes to the
horizontal was recalculated according to the amount of
change in the rib short axis ARSA by eguation 4.

RSA +ARSA
Craw = acos%@ (4)

The parameters defining the long and short axes of the
lung and body were set to increase or decrease with the axes
of theribs.

The spline-based ribs were rotated about the axes of their
costal necks (Fig. 2). Control points in each lung were set up
to coincide with the ribs (Fig. 6A). The control points were
linked to the ribs expanding and contracting the lungs with
the rib cage. The cartilage was alowed to stretch with
changes in the thoracic cavity. The control points defining the
body outline were similarly linked to the ribs (Fig. 6B)
allowing the body outline to change with changes in the ribs
and lungs.
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Figure 6: (A) Control points in the left lung coinciding with the
rib in the fourth costa arch. (B) Control points in the body
outline coinciding with the rib in the fourth costal arch. The
closed squares represent control points that move with the rib.
The open squares represent unaffected control points.

The sternum in both phantoms was set up to move upward
and downward with the movements of theribs.

The time varying parameters in both phantoms were
chosen to fit a volume curve for normal respiration, (Fig. 7A).
The period of the respiratory cycle for normal tidal breathing
is 5 seconds with inspiration lasting approximately 2 seconds
and expiration lasting the remaining 3 seconds. The amount
of volume change in the lungs for normal breathing is 500ml.
The volume curve was approximated with the piecewise
cosine function in equation 5.

— 250mi congtH+250 O<t<?2
V() = A be O [5]

O 250m cosL (5—t)H+250 2<t<5
= 03 0

The top portion of the function represents the volume
change during inspiration while the bottom portion represents
the volume change during expiration. A graph of the function
isshown in figure 7B.

For the current MCAT phantom, the height of the
diaphragm and the diameter of the rib short axis were set to
change a maximum of 1 cm sinuisoidally for normal breathing
according to equation 6 and 7 respectively.

3 osemoodZ'tHr05  ost<2
H
2 0

B Giaphr O =0
diaph
apnr Eb.scmcosB’—T(s—t)Hm.s 2<t<5

B 03 O

(6]
(7]

. —0.5cmcos§§t§+0.5 O<t<2

Apcpa(®) =0
RSA

O 0.5cmeod e (5- 1)k 05 2<t<5

B 03 0

At 17 time frames, the amount of volume change that
resulted from altering the two parameters as calculated from
equations 6 and 7 was compared to the desired amount of
change as calculated from equation 5 to get the volume
contribution needed from the long axis parameter. The long
axis parameter was set accordingly for the 17 time frames.

For the spline-based phantom, the diaphragm was also set
to move 1 cm sinuisoidaly according to equation 6. The
volume change from the diaphragm motion was compared to
the volume curve for normal breathing at 17 time frames to
get the volume contribution needed from the rotation of the
ribs. The amount of rib rotation was set accordingly.

The changes in the parameters for each phantom were
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Figure 7: (A) Change in volume curve for normal tidal breathing
[1]. (B) Approximation of the volume curve, equation 5.



splined in time creating time continuous 4D respiratory
models. The respiratory time curves for the parameters for
both phantoms are shown in figure 8. The amplitudes of the
time curves for each parameter are adjustable as is the period.

[1l. RESULTS

Figure 9 displays a coronal cut for the current MCAT and
spline-based MCAT phantoms for end-expiration and end-
inspiration. Both phantoms illustrate movements similar to
that shown in the diagram based on roentgenograms. Figure
10 displays the anterior view of the current MCAT phantom
and spline-based MCAT phantom during end-expiration and
end-inspiration. Figure 11 shows the right lateral view of both
phantoms during end-expiration and end-inspiration. From
these images, it is clear that the NURBS surfaces have the
potential to model respiratory motion realistically, more so
than models based on geometric solids. Thirty time frames
were generated from the base seventeen using the motion
curves for the parameters. The volume curve for the right lung
over the thirty frames for the spline-based MCAT phantom is
shown in figure 12. The volume curve for the right lung of
the current MCAT phantom is nearly identical to that of the
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Figure 8: (A) Parameter curves for the current MCAT phantom
over the respiratory cycle. Respiratory parameters for the
current MCAT are the diaphragm height, rib short axis, and rib
long axis. (B) Parameter curves for the spline-based MCAT
phantom over the respiratory cycle. Respiratory parameters for
the spline-based MCAT are the diaphragm height and rib
rotation.

Current MCAT Phantom

Spline-based MCAT Phantom

Figure 9: Coronal cut slices of the current MCAT phantom and
spline-based MCAT phantom for end-expiration (Left images)
and end-inspiration (Middle images). Both phantoms illustrate
similar movements to the diagram based on roentgenograms
(Right image).

Figure 10: Anterior ie/vs of end-expiration (left) d end-
inspiration (right) in the current MCAT phantom (Top) and
spline-based MCAT phantom (Bottom).

spline-based phantom. The lung volume change in both
models was 500 ml per lung. The thirty frames illustrate a
smooth respiratory motion.

V. CONCLUSIONS
We have developed respiratory models for the current
MCAT and the spline-based MCAT phantoms. The spline-
based phantom models the respiratory motion more
redistically than the geometry-based phantom. Both
phantoms, however, offer an important tool in the studies of
the effects of respiratory motion.



Figure 11: Right lateral views of end-expiration (left) and end-

inspiration (right) in the current MCAT phantom (Top) and spline-
based MCAT phantom (Bottom).
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Figure 12: Change in volume curve for the right lung in the spline-
based MCAT phantom. The curve for the current MCAT phantom
is nearly identical to that of the spine-based phantom.
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