Real time simulation of organ motions induced
by breathing: first evaluation on patient data.
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Abstract. In this paper we present a new method to predict in real time
from a preoperative CT image the internal organ motions of a patient
induced by his breathing. This method only needs the segmentation of
the bones, viscera and lungs in the preoperative image and a tracking
of the patient skin motion. Prediction of internal organ motions is very
important for radiotherapy since it can allow to reduce the healthy tis-
sue irradiation. Moreover, guiding system for punctures in interventional
radiology would reduce significantly their guidance inaccuracy. In a first
part, we analyse physically the breathing motion and show that it is pos-
sible to predict internal organ motions from the abdominal skin position.
Then, we propose an original method to compute from the skin position
a deformation field to the internal organs that takes mechanical proper-
ties of the breathing into account. Finally, we show on human data that
our simulation model can provide a prediction of several organ positions
(liver, kidneys, lungs) at 14 Hz with an accuracy within 7 mm.

1 Introduction

Preoperative 3D CT images are used in many medical contexts. For some of
them, the breathing motion is an issue that is taken into account but not com-
pensated. For instance, in radiotherapy the dosimetry computation is performed
on a static preoperative CT image although the patient breathes freely during
the irradiation. Then, the planned volume targeting is overestimated so as to
totally irradiate the tumour. Consequently, healthy tissue irradiations are much
more important than if the tumour position was perfectly known during the
breathing. In interventional radiology, guiding systems for punctures provide a
limited accuracy since the breathing movements are not compensated [10, 16].
Respiratory gating techniques [11,17,2] are a first attempt to reduce the
breathing influence. The patient is immobilized on the intervention table and
his breathing is monitored to synchronize his lung volume to the one during
the preoperative CT acquisition. These methods are however constraining: they
lengthen the intervention, they are uncomfortable for the patient and the repo-
sitioning accuracy, of 1.5 mm on average, can sometimes exceed 5 mm [2].
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Therefore, a predictive method to simulate the abdomen and thorax breath-
ing motions would be a great improvement for the previous reported applica-
tions. Internal motion during a quiet breathing being between 10 and 25 mm [4],
practitioners estimate that a prediction accuracy within 4 mm would bring a sig-
nificant improvement to the current protocol in radiotherapy and interventional
radiology.

Solutions to simulate organ mesh deformations and interactions are numer-
ous [5,7,15,8], however they require the rheological parameters of the patient
organs to provide predictive results, which is currently an unsolved issue. Con-
sequently, these methods that were developed for realistic simulation of surgical
interventions, are not adapted to intra-operative applications in the operating
room.

Sarrut et al. propose to simulate an artificial 3D+t CT image during a breath-
ing cycle from two CT images acquired at inhale and exhale breath-hold. Sim-
ulated 3D+t images are built by a vector field interpolation between both CT
images [12]. Although this interesting method provides a simulated CT image in
real time, it implies a supplementary irradiation of the patient since it requires
at least two CT acquisitions whereas only one is done routinely. Moreover, it as-
sumes that the breathing is perfectly reproducible and cyclical. Therefore, this
method is limited to patients who are under general anesthesia and intubated.

In this paper we present a new method to provide in real time 3D CT or
mesh images that simulate the patient breathing from a single pre-operative CT
acquisition. In Sec. 2, we firstly describe qualitatively the breathing motion and
show that an estimation of the internal organ position can be obtained from the
skin position. In Sec. 3, we propose a method to compute from the skin position
a deformation field applied to the internal organs. Finally, we provide in Sec. 4 a
first evaluation of our method on human data showing that our simulation can
be computed at 14 Hz with a prediction accuracy between 5 and 7 mm.

2 Estimation of the organ deformation from the skin
position

Breathing movements are mainly caused by two sets of muscles: the intercostal
muscles and the diaphragm. Those muscles move the thorax and the abdomen.
Firstly, intercostal muscles induce the rib rotation around the vertebrae that
makes the thorax volume change (cf. Fig. 1). This bone rotation is made possible
since the sternum is linked to the ribs through deformable cartilage. Secondly,
the diaphragm contraction dilates the lungs, causing the air insufflation. During
a contraction, the diaphragm moves down and compresses the viscera, increasing
the abdomen volume since most of the internal organs are incompressible and
since viscera movements toward the feet is limited by the pelvis. Note that the
abdominal muscles, the sterno cleido mastoidien, the scalene muscles, the trapeze
muscles, the major dorsal muscles and the major pectoral muscle are involved as
well in the breathing movements. However, they can be neglected in our context
since they are essentially used during an important physical activity.
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This qualitative description of the breathing motion highlights the link be-
tween skin and internal organ positions. Indeed, from the skin position, we can
understand how the viscera are compressed, and then the diaphragm position
and the lung volume. Therefore, we think that it is possible to estimate the in-
ternal organ motion from skin position. Consequently, we consider in our model
that the patient inspiration increases the lung volume (and the thorax volume)
and pushes the viscera down, which increases the abdomen volume. We assume
that the volume of the viscera [13] and that the tissue thickness between skin
and organs remain constant (cf. Fig. 1). In addition, we suppose that the viscera
have homogeneous mechanical properties.

Chest contracts

Diaphragm relaxes

¥ - Diaphragm
contracts

Inhalation Exhalation

Fig. 1. Qualitative description of breathing. During the breathing, the bone rotation
around the vertebrae makes the thorax volume change, and the diaphragm contraction
compresses the viscera, causing the abdominal volume increase.

3 Simulation methodology

3.1 Set up

Our goal is to provide in real time a 3D deformation field to be applied on a
preoperative CT or on the surfacic organ meshes previously extracted from the
preoperative CT during a segmentation step. This deformation field is computed
from the skin movements that are tracked in real time by an external system.
In our set up, the patient is lying on the table (CT or radiotherapy table) and
a tracking system provides in real time either a surface reconstruction of his
abdominal and thoracic skin or feature points (for instance, some radio-opaque
markers stuck on the patient skin before the preoperative CT acquisition). The
registration between the CT frame and the tracking system frame is done using
either the surfacic skin reconstruction or the feature points. We recall our method
needs a segmentation of the 3D CT image into four different zones: skin, bones,
lungs and viscera (liver, kidney, spleen, etc.): several software provide efficient
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tools to perform a quick and accurate organ segmentation [3, 14]. In the following
we call internal envelope the envelope of the lungs and the viscera.

In this section, firstly we explain how the skin, the bones and the internal
envelope meshes are computed from the skin position. Secondly, we detail how
we generate a deformation field from the internal envelope movement. In the
following, we assume that the skin position is tracked using radio-opaque markers
uniformly stuck on the patient skin.

3.2 Skin, bones and sternum

The displacement D of any point P of the surfacic skin mesh is computed from
the displacements ?1, ?2, ?3, V4 of the four closest markers My, Ma, M3, My
with the following formula:

4 4
D=F. Zi:al/dz ) 71 with &k — Zz‘:l 14/d1' | 71 |
Zi:l 1/di Zi:l 1/di
where d; is the distance between M; and P.

The rib movement is modelled by a rotation around the vertebra. We as-
sume that the distance between sternum and skin remains constant and that the
sternum is attached to the fourth rib pair. We choose the fourth pair since it
minimizes the cartilage impact. Note that the simulation of the rib movement
has no impact on the volume computation but only on the realism of rib and
sternum position.

3.3 Movement of internal envelope

We call internal organs the union of lungs and viscera. To determine the move-
ment of those organs we first study the movement of their envelope. This internal
envelope is a convex balloon localized inside the trunk volume (cf. Fig 2). The
movement of that balloon is computed in a way similar to the one that was used
for the skin (cf. Fig 3): for each vertex, we look for the three closest skin markers
and the resulting vertex displacement is computed from the displacements of
these markers. Note that this method keeps a constant thickness between the
internal envelope and skin.

The viscera go down along a curved axis that corresponds to the gravity
centre of the viscera in each slice, filling the current volume of the computed
internal envelope from the pelvis to the diaphragm. By hypothesis, viscera are
incompressible, therefore a modification of the CT slice surface results in a change
in the slice thickness. For the lungs, the slice thickness is uniformly changed to
fill the remaining volume of the internal envelope (cf. Fig 2).

3.4 Generation of the deformation field

To describe the movement of each point in the internal envelope, we propose the
following method to generate a deformation field. In each slice of the internal



Real time simulation of organ motions induced by breathing 5

Fig. 2. Left: sagital slice of a patient showing the lungs and the viscera. The internal
envelope is the convex balloon that contains the lung and the viscera. They are seg-
mented in homogeneous grey and white on the middle image (inspiration phase). Since
most of the internal organs are incompressible and since viscera movements toward the
feet is limited by pelvis, we modify the thickness of each CT slice of the preoperative
CT to keep its own volume constant (right image). The black lines represent the po-
sition of several corresponding CT slices from the inspired CT image on left, and the
simulated expired image on right.

internal organs in :
- inspired position
- expired position

Spinal column

Fig. 3. The motion of the internal envelope is computed from the motion of the skin.
Indeed, tissues contained between the skin and the internal envelope are almost incom-
pressible, then the thickness between them remains constant.

envelope, the perimeter is divided into segments of identical size, allowing to
control the internal deformation of that slice in an homogeneous way (cf. Fig.
4). For each point P we want to displace, we look for the two nearest vertices of
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Fig. 4. Deformation field generation. In each slice of the internal envelope, the perime-
ter is divided into segments of identical size, and the gravity center is computed. Then,
the displacement of a point is computed as a linear interpolation of the movement of
the two nearest points of the perimeter (B and C) and the gravity center (A).

the envelope B and C, and to the nearest vertex of the mean barycentric axis
A. The displacement is then computed with the interpolation formula used for
the skin (see Sec. 3.2). This allows to easily animate 3D meshes in real-time.
Animating a CT image is trickier as we do not want to know the destination of
each pixel, but its provenance. In this case, the reverse application is computed
and applied on each point of the 3D CT image.

4 First evaluation on human data

In order to evaluate the computation time needed by our simulation model and its
prediction accuracy, we use the data of a human volunteer. Thirty radio-opaque
markers have been stuck on his skin (cf. figure 5) and two CT acquisitions were
performed in inspiration and expiration positions. Then, the voluntary remained
lying on the table and a stereoscopic video tracking of the markers (tracking
accuracy < 0.5 mm) was performed during 100 breathing cycles and recorded
(see [9] for the used tracking method). The segmentation step (lungs, bones,
viscera and radio-opaque markers) was performed by our medical staff for both
CT acquisitions.

4.1 A real time simulation method

To register the expired CT image in the tracking system frame, we used the radio-
opaque markers segmented in the CT image and performed a 3D /3D registration
[1] with the marker set, among all the one recorded by our tracking system, that
minimized the RMS registration error (1.1 mm for this case). Then, we measured
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Fig. 5. Set up for the human data acquisition. Thirty markers have been stuck on the
volunteer skin, then a stereoscopic video tracking of the markers is performed during
100 breathing cycles and recorded. ARTag markers were used [6]

the time needed to compute and display the simulated mesh and predicted CT
image for the marker positions recorded during the voluntareer’s breathing. Our
simulation reached a frame rate around 14 Hz on a standard PC (2 GHz, 1Go
RAM) with no implemented code optimization.

4.2 An accurate prediction

To evaluate the prediction accuracy, we used the inspired CT as the preoperative
CT data from which the simulation is computed. Then, we computed the skin
marker excursions from the inspired position to the expired position (extracted
from the second CT image) and finally computed the deformation field. There-
fore, a comparison of the simulated positions of the skin and internal organs with
their true positions in the expired CT image is possible.

Qualitative results are visible in Fig. 6. To evaluate quantitatively the dis-
crepancy between each simulated S and true T organ, we computed for each
organ the average distance between one mesh vertex and its closest neighbour
in the other mesh:

€ = mean;c 5(|| meshg (i) — closest point(meshr(i)) |)
We compute as well the same error for a distance under and above 3 mm:

€1 = mean;cs(|| meshg(i) — closest point(meshr(i)) ||> 3mm)

€2 = mean;cs (|| meshg (i) — closest point(meshr(i)) ||< 3mm)

This 3 mm threshold was chosen since we observed that the main prediction
error of our model is along specific deformation axis. Without this threshold,
this error is about 3 mm for the kidney for instance. This does not significantly
point out the deformation error at its top and bottom, since it is averaged by
the longitudinal points of the two meshes that are very close. Tab. 1 reports
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the prediction error for kidney, liver, lungs and skin. We add into bracket the
percentage of vertex for which the distance is above 3 mm. Note that pancreas,
stomach, and spleen are not reported since they could not be segmented in the
CT images. Indeed, to limit the irradiation undergone by the voluntary, the CT
image was done with a low mA value (under 30 mA whereas a standard image
is done with 70 mA) and without contrast agent. Therefore, the CT image was
of insufficient quality to allow an accurate segmentation of these organs.

Left kidney|Right kidney| Liver Lungs Skin

Total error € in mm 3.4 3.7 3.7 3.3 1.0
error ¢; in mm (>3mm)| 5.5 (51 %) | 6.0 (561 %) 6.3 (48 %)|6.5 (39 %)[2.4 (32 %)

error €2 in mm (<3mm) 1.4 1.5 1.3 1.2 0.4

Table 1. Results of the system evaluation on three patients.

Left kidney

Lungs

Fig. 6. Qualitative evaluation on organ meshes of our predicted simulation. For each
organ: Left: in red: segmented meshes extracted from the expired CT acquisition. In
Yellow: segmented meshes extracted from the inspired CT acquisition. Right: in red:
segmented meshes extracted from the expired CT acquisition. In Yellow: segmented
meshes simulated from the inspired CT acquisition.
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5 Conclusion

In this paper we provide a new model to simulate and predict the movement of
the internal organs due to breathing motion. Firstly, we showed that it is possi-
ble to estimate the displacement of any internal organ from a real time tracking
of patient skin. Secondly, we proposed an original method to compute a defor-
mation field from skin position that takes the physical properties of the internal
organs into account (incompressibility of viscera, rib rotation, lung deformabil-
ity). Finally, we evaluated our simulation model with CT-data of a volunteer and
showed that our method is not only able to predict in real-time (14 Hz) internal
organ motions, but also to provide a prediction accuracy within 7 mm. Since the
observed errors have been measured on the organ boundaries, we are confident
that our simulation model can provide a position prediction of a pathology inside
an organ with an error under 4 mm.

Our current system uses data from a stereoscopic tracking system that require
to stick several radio-opaque markers on the patient skin before the preoperative
CT acquisition and during the intervention. We are aware that this is uncom-
fortable for both the patient and the practitioner. We are currently developing a
structured light reconstruction system that will allow to avoid markers on skin
and to use its full surfacic information.

In the coming months, we plan to provide a larger evaluation on a database
of 10 voluntareers. Then, we will make a careful validation of the prediction
accuracy on specific features of some organs (hepatic vessels for instance) using
a tracked US probe as a control.
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