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Abstract. TIPS (Transjugular Intrahepatic Portosystemic Shunt) is an effective
treatment for portal hypertension. However, during the procedure, respiration,
needle pressure, and possibly other factors cause the liver to move. This complicates
the procedure since the portal vein is not visible during needle insertion. We present
the results of a study of intraoperative liver motion.

1. Introduction

This paper characterizes intraoperative hepatic motion caused by respiration and needle
pressure during Transjugular Intrahepatic Portosystemic Shunt (TIPS) creation.
Endovascular procedures are typically guided by fluoroscopic, projection images. These
images generally show only the connected portions of the vasculature “downstream” of
the catheter tip. The interventionalist thus cannot simultaneously visualize other important
anatomical structures or vascular structures that are either “upstream” or disconnected
from the vascular anatomy shown in any particular image.

The goal of TIPS is to relieve portal hypertension in patients with liver failure by
creating a permanent connection (shunt) between the portal vein and the hepatic vein.
During TIPS, the interventionalist obtains access to the internal jugular vein in the neck,
and then selectively catheterizes distally into the hepatic vein. The catheter is exchanged
for a needle, which is then advanced through the liver parenchyma into the portal vein.
This is considered the most difficult part of the procedure [1]. Up to 10 needle passes may
be required to achieve portal vein access [2].

There are numerous difficulties associated with TIPS. For example, during needle
advancement, other organs bordering the liver such as the kidney, gallbladder, colon, and
stomach as well as the hepatic vein or hepatic artery can be inadvertently punctured [3].
To guide the needle and identify the portal vein, a static image is obtained in one or two
image planes after hepatic vein catheterization. This is used to estimate portal vein



location for the remainder of the procedure. Needle pressure and respiration can displace
both the liver and the attached portal vein by an unknown amount. Needle advancement is
therefore done “blindly” under conditions in which the portal vein location is unknown
and may change during the procedure.

Our group is developing methods of three-dimensional image guidance of the TIPS
procedure. The most critical issue is the determination of portal vein position at each
moment in time relative to the interventionalist’s needle. Two facts ease the problem.
First, TIPS patients possess livers that are hard, dense, fibrotic, and generally non-
deformable. This means that although both needle pressure and respiration may displace
the liver, neither is likely to deform it. A rigid body transformation should therefore be
sufficient to indicate change in liver (and thus attached portal vein) position during the
procedure. The same transformation can be applied to other portions of the hepatic and
portal venous systems relevant to TIPS, which are located within this rigid liver. Second,
the liver is bounded on three sides by the bony ribcage and superiorly by the diaphragm. It
is additionally tethered by the left and right triangular ligaments and by the falciform
ligaments, all of which limit rotation. We therefore assume that liver movement can be
described by tracking a single point within the liver, and that the liver can be modeled as a
rigid body.

As one of the initial steps in designing a 3D image guidance system, it is desirable to
determine the likely range of liver motion during the procedure. Previous analyses of liver
motion have examined only the motions likely to occur as a result of respiration. The
current report examines displacement of the liver during the TIPS procedure with analysis
of the effects of respiration, needle pressure, and possibly heartbeat.

2. Background

A comprehensive assessment was reported in a recent paper [4], which surveyed previous
reports on hepatic motion due to respiration during percutaneous minimally invasive
procedures. The paper analyzed nine previously published studies of respiratory-
associated hepatic motion using different imaging modalities (fluoroscopy, scintigraphy,
ultrasound, optical tracking, and MRI). This paper reports that all studies agreed that
rostro-caudal motion is the most significant and that measurements of movement in both
the anterior-posterior (AP) and lateral directions vary markedly with the assessment
technique used.

Korin et al. [5] and Davies et al. [6] suggested that clinically significant liver motion
could be approximated effectively by rostro-caudal movement (10-38 mm) alone with
minimal motion in the other axes of motion (2.5 mm). Recent studies by Herline et al. [7],
Shimizu et al. [8] and Rohlfing et al. [9] suggest that translations along the other axes
(anterior-posterior translation: 1-12 mm and lateral translation: 1-9 mm) are significant
and cannot be neglected. Based on these considerations, it is clear that lateral and AP
translations are significant, particularly when tracking discrete targets within the liver.



However, none of these reports examined liver displacement as a result of needle pressure
or heartbeat during the TIPS procedure.

3. Methods

Our approach to tracking intraoperative liver motion employs a contrast-filled, ovoid
balloon that is inserted into a hepatic vein at the beginning of each procedure. The
operation is guided by determining the balloon location in simultaneously acquired AP
and lateral fluoroscopic views separated by approximately 90". Given prior knowledge of
the relationship between the two fluoroscopic views, this pair of 2D points representing
the balloon centroid in each projection image can be then reconstructed into 3D. Under
the two assumptions that the diseased liver is a predominantly rigid structure and that
rotation is limited by the liver’s restraining ligaments, this 3D point can then be tracked
over time to provide information about liver (and thus portal vein) displacement during
the procedure.

Fig. 1. Typical fluoroscopic images showing the (A) TIPS needle, (B) balloon, and (C) surgical
clips. Note that the portal vein is not visible in either image

The current report examines 3D balloon excursion during thirteen image sequences
obtained in four subjects undergoing a TIPS procedure. We examined the displacement
induced by respiration and needle insertion by using paired image sequences for each
study. Image sequences were captured using two synchronized PCs at 15 frames per
second with a resolution of 884-by-884 pixels. Each image was time-stamped and stored
for post-processing.

Balloon locations within each image were detected automatically on each fluoroscopic
image. The algorithm detected the balloon projection by convolving each 2D image with a
Laplacian of a Gaussian (LoG) kernel, thresholding the output image, and providing a
probability distribution function that includes such features as area, area-to-perimeter



ratio, and eccentricity. This probability function was used to identify the correct image
feature. The tracking process automatically calculated the pixel (x,y) coordinates
representing the centroid of each balloon projection using a connected component
algorithm. Subsequent balloon tracking was performed in similar fashion throughout the
time sequence with an ROI of 192-by-192 pixels centered on the previously estimated
balloon location, thus allowing real-time tracking of the balloon on each image.

In order to make 3D measurements from the biplane views, projection matrices for
each view must be computed. For calibration, we used a Plexiglas phantom containing an
array of metallic spheres in known locations, and assumed a pinhole camera model. Using
the known control point locations and an x-ray image of the phantom, the projection
matrices are computed by minimizing the distance between the ideal projections and the
observed pixel coordinates of the control points [10, 11].

Given each pair of pixel coordinates for the balloon and the projection matrices for
each camera system, the 3D point can be reconstructed by triangulation [10, 11]. A pair of
points in correspondence is considered from the biplane images: m=(u,v)" and m'=(u',v")"
and reconstructed into a 3D point (X=[x,y,zt]"). For this paper, we report balloon motion
in a coordinate system where the x-axis represents motion from the patient’s left-to-right
(lateral), the y-axis represents motion from caudal-to-cranial, and the z-axis represents
motion from back-to-front (anterior-posterior). For each image pair, balloon motion was
tracked over time in X, y, and z; the maximum excursion was also calculated along each
axis.

As previously noted, this work has proceeded with the assumptions that the liver (and
all structures within it) move rigidly and that rotation is minimal. If these assumptions are
correct, point tracking of an intrahepatic balloon may provide a reasonable estimate of the
displacement of other structures within the liver, such as the portal vein. We tested these
assumptions in one TIPS patient who had surgical clips within the liver, where the relative
motion between these clips and the tracking balloon was used to check the validity of the
assumptions. Two paired image sequences were used. In the first sequence, only
respiration was involved. In the second, images were acquired during needle insertion.

4. Results

The graphs below show typical movement of the liver in the three independent axes due to
respiration and needle push in a typical subject studied.
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Fig. 2. Liver motion during respiration

Figure 2 shows the hepatic motion due to respiration in the three axes. Note that with
respiration the predominant displacement occurs rostro-caudally (Table 1). However, the
graph also shows oscillations at 1 Hz, which are consistent with the cardiac cycle. The
frequency of the oscillations was verified using power spectral density analysis.

Table 1. Liver Displacement due to respiration

Displacement Mean Standard
(mm) (mm) Deviation (mm)
Lateral 1.2-25 1.9 0.4
Rostro-Caudal 39-123 7.3 3.0

Anterior-Posterior 1.9-3.6 2.5 0.7
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Fig.3. Liver motion during needle insertion

Figure 3 shows an example of the hepatic motion during the needle push through the
liver during the TIPS Procedure. The push started at around 3 seconds and continues for
approximately 2 seconds as indicated by the arrows. Again, most of the movement is
rostro-caudal, but slight motion also occurs along the other axes. Between patients, the
movement during the needle push was highly variable in the rostro-caudal direction
(Table.2). The 1 Hz oscillations were present as previously noted.

Table 2. Liver displacement during needle insertion

Displacement Mean Standard
(mm) (mm) Deviation (mm)
Lateral 14-3.1 2.2 0.7
Rostro-Caudal 2.7-13.2 7.4 3.9
Anterior-Posterior 1.1-2.8 2.2 0.7

From tables 1 and 2, we can deduce that the rostro-caudal translation is the
predominant motion but the anterior-posterior and lateral translations may produce several



millimeters displacement. The magnitude of the displacement varies from patient to
patient.

To validate our assumptions regarding the rigidity of the liver and modeling liver
motion with translation only, we analyzed the relative 3D positions of the tracking balloon
and a set of surgical clips in one patient. These results are summarized in table 3. While
there is a slight variation, the surgical clips and the balloon move in similar directions
indicating that our assumptions are generally valid.

Table 3. Mean/standard deviation of balloon-to-clip measurements in mm

Lateral (mm) Rostro-Caudal Anterior-

(mm) Posterior (mm)
Respiration 35.7/0.3 1.7/0.4 37.7/0.4
Needle push 35.8/0.4 1.5/0.2 39.2/0.2

These data suggest that the 3D position of a region of interest within the liver such as
surgical clips or the portal vein may be estimated to within 2 mm given the 3D position of
the tracking balloon and initial offset to the region.

5. Discussion

This paper studies motion of a point within the liver during the TIPS procedure. Our
results are consistent with those of other groups who have studied the effect of respiratory
motion on liver displacement, concluding that translation along all the axes are significant
with the rostro-caudal translation being the predominant translation.

This paper also reports on liver motion during needle pressure. We are unaware of
another group reporting a similar study. We conclude that needle pressure displaces the
liver primarily rostro-caudally, but can produce displacement of several millimeters along
the other two axes.

An unexpected finding is the approximately 1 Hz oscillations along all axes. These
oscillations are consistent with the cardiac rhythm. Such motion is less than the
predominantly rostro-caudal motion induced by respiration or needle pressure, but the
induced motion can be significant when the radiologist’s goal is to reach a target that
cannot be seen.

A limitation of our approach, in common with the majority of other studies of liver
motion, is that we track motion of only a single point within the liver. Rotational
movement and deformations therefore cannot be assessed. However, as discussed earlier,
it is reasonable to assume that rigid body transformations may be sufficient when
analyzing the rigid, diseased liver in patients undergoing TIPS procedures, and that the



liver’s attached ligaments are likely to preclude major rotational movement. Support for
this hypothesis is provided by our analysis of the motion of implanted surgical clips with
respect to the tracking balloon wedged within a hepatic vein. Although further studies are
required, the current report suggests that tracking a balloon visualized on intraoperative,
biplane fluoroscopic views can be an effective means of tracking structures within the
liver, such as the portal vein, during respiration, heartbeat, and needle pressure.
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