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Abstract

The Radio Frequency Ablation Segmentation Tool (RFAST) is a software application developed
using NIH's Medical Image Processing Analysis and Visualization (MIPAV) API for the specific
purpose of assisting physicians in the planning of radio frequency ablation (RFA) procedures. The
RFAST application sequentially leads the physician through the steps necessary to register, fuse,
segment, visualize and plan the RFA treatment. Three-dimensional volume visualization of the CT
dataset with segmented 3D surface models enables the physician to interactively position the ablation
probe to simulate burns and to semi-manually simulate sphere packing in an attempt to optimize
probe placement.

Index Terms

Ablation; Biomedical image processing; Blood vessels; Image analysis; Image registration; Image
segmentation; Liver; Medical decision-making; Rendering (computer graphics)

[. Introduction

Radio frequency ablation (RFA) of non-resectable malignant tissue in a patient's liver, kidneys,
and heart is a rapidly expanding research field and treatment tool for clinicians. A needle-
shaped probe device is introduced into the patient percutaneously, laparoscopically or during
surgery, targeting the tumor location. High-frequency alternating current is applied through
the probe's tip, causing the tissue to heat and necrose.

The information contained in acquired image volumes of the target area can assist clinicians
in diagnosis, procedure planning, and post-treatment monitoring. To improve the probability
of success for a RFA treatment, accurate placement and monitoring of the thermal lesions are
necessary. Knowledge of the spatial relationship between the neoplastic tissue, organ
vasculature and other important structures within the patient's body is intimately linked to the
success of treatment. Accurate probe placement for ablation-packing with the necessary
overlap to ensure the neoplastic tissue and a small margin of normal organ tissue are completely
necrosed can be a difficult proposition without proper image guidance and visualization.

Il. The RFAST process

The Radio Frequency Ablation Segmentation Tool (RFAST) focuses on assisting clinicians
with the planning and evaluation of a RFA procedure performed on malignant hepatic tissue.
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RFAST provides the user with the tools necessary to isolate the treatment region within the
patient's abdomen and register one data set against a second image volume. RFAST guides the
user through the segmentation of the liver, vasculature, and any regions of malignant tissue.
These segmentations are then extracted as surface meshes and visualized in our three-
dimensional volume renderer, allowing the user to interactively position the RFA probe and
determine an optimal series of needle placements to completely ablate the patient's tumor.

NIH's Medical Image Processing Analysis and Visualization (MIPAV) provides RFAST with
a full-featured and mature code base to build upon [1]. MIPAV is already a mature medical
imaging project with tools for image processing, segmentation, registration, fusion and
visualization. RFAST reorganizes these tools in a new interface optimized for the specific
needs of the RFA planning and evaluation processes. Where functionality was needed that the
MIPAYV source code did not provide, new generic algorithms (e.g. the Coherence Enhancing
Diffusion Filter) and RFA-specific tools (e.g. the ablation simulation, planning and evaluation
facilities) were implemented.

lll. Pre-processing

Before RFAST begins its process of segmentation, visualization and planning, it first provides
the user with the opportunity to resample, register and fuse image volumes.

A. Image retrieval

To facilitate the exchange and processing of CT, PET, MRI and ultrasound images needed in
the RFA treatment process, RFAST has adopted the Digital Imaging and Communications in
Medicine (DICOM) image and transfer standard. DICOM is now a mature, evolving, and
widely accepted standard that supports communication of medical image information and
promotes a common framework enabling networked based picture archiving and
communication systems (PACS). Again, RFAST capitalizes on MIPAV significant support of
the DICOM 3.0 specification to enable RFAST to query, retrieve, read, process, and write
DICOM formatted images.

B. Volume reslicing and resampling

Since many image acquisitions contain more data than is necessary for the RFA planning
procedure, RFAST provides tools for the removal of image slices which are judged irrelevant
(i.e. those which do not contain the liver and other important structures).

The volume rendering method used in RFAST takes advantage of the rendering capabilities
common in today's graphics cards to provide real-time interactive 3D texture-mapped volume
rendering. Therefore, any volume the user needs to load into the RFAST volume renderer must
be resampled so that each dimension is a power of two and the resampled datasets are used in
subsequent processing and visualization steps. If a volume is judged to be too large to fit within
the user's graphics card memory or decreased processing time is desired, the in-plane
dimensions of the volume can be downsampled by a factor of two. Additionally, if more in-
depth processing of the image volume is required, all of the algorithms and image processing
utilities implemented within MIPAYV are readily available to the user.

C. Registration and fusion

RFAST provides a number of registration methods to assist in the planning and evaluation of
the RFA treatment process. The registration methods are generally broken into two broad
categories: user-guided and automatic. The user-guided methods require the user (a trained
expert) to identify homologous landmarks in the source image and the target image. This
process can be slow and requires the user to precisely identify the landmarks, however, once
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the landmarks are selected the image registration process is quite fast. Two major landmark
based methods are available in RFAST: rigid [2], and thin-plate splines [3]. The rigid method
allows for six degrees of freedom (for the registration of 3D datasets), three degrees of rotation
and three degrees of translation. The thin-plate splines method is inherently non-linear and can
result in better registration of images of the abdomen where there may be non-linear changes
do to breathing artifacts and organ movement. The second class of registration algorithms are
the automatic methods which rely on voxel similarity measures to guide the registration. Voxel
similarity methods include normalized mutual information [4], [5], cross-correlation [6], and
least squares, and provide a metric that guides the registration to an acceptable solution. The
range of voxel similarity measures gives the user the ability to choose the best measure for the
specific registration task. For example, the normalized mutual information works well when
performing a inter-modality registration task. The user can choose between multiresolution
affine or non-linear B-spline methods, depending on the specific requirements. The affine
method [7] provides up to twelve degrees of freedom (three rotation, three translation, three
zoom and three skew) where registration time (performed on 3.0GHz Pentium 4 processor) is
approximately eight to ten minutes. The non-linear method provides a more general solution
but processing times can be as long as two to three hours.

Through fusing multi-modality image volumes (i.e., CT and PET) clinicians can better
visualize the spatial relationship between the tumor and the important morphological features
within the patient's body during treatment planning. Comparison of inter-operatively acquired
morphological image volumes to pre-operative functional volumes allows clinicians to
evaluate the progress of the RFA process and whether more ablations might be needed to fully
necrose the treatment area. Fusion of pre and post operative image volumes is also quite useful
in evaluating the effectiveness of the RFA procedure and early detection of tumor regrowth.

IV. Segmentation

A. Liver

To address the complexity of the shape of human organs and the difficulty in the discrimination
of all their boundaries from boundaries of adjacent structures in CT volumes, a combination
of semi-automatic and automatic algorithms is used to define volume of interest contours
(VOIs) in the 3D dataset.

The livewire paradigm is one method that has proven effective and efficient in the semi-
automatic segmentation of many structures of interest [8]. An initial VOI of the resampled
volume is drawn to define the boundary of the liver in an image plane that bisects the liver
using a livewire tool. The livewire tool minimizes a cost function composed of the image's
gradient magnitude, gradient direction, and Laplacian zero crossings between the user's last
click within the image slice and the current position of the mouse, allowing the user to
interactively visualize and select the optimal segmentation quickly, but with decreased user-
derived variability compared to a fully manual segmentation [9].

Once the structure is segmented in one slice, the user can propagate this contour to the adjacent
slices in both directions using a combination of an optimization to translate, rotate and scale
the VOI to the new slice, and the application of a boundary evolution algorithm [10] to the
points of the VOI, to conform to the boundary of the structure in the new slice. Next, RFAST
checks the image intensities along the new VOI contour and rejects the new boundary if the
intensities have changed significantly when compared to the previous slice. When this occurs
the user can restart the process by performing the livewire segmentation on this new slice and
attempting to propagate it up or down in the volume's unsegmented slices. Once this semi-
automatic segmentation process is completed, the user can quickly correct the VOI
segmentation using a number of manual methods which RFAST shares with MIPAV, including
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levelset VOIs and manual boundary adjustment. After the liver is fully segmented, a surface
mesh can be extracted and is included for visualization and planning.

B. Tumors and ablations

The VOI segmentation process can be repeated to create surfaces of other structures, including
any tumor in the case of a pre-treatment image, or the ablated areas in a post-treatment volume.

An accurate segmentation of any malignant tissue within the liver is critical for accurate
treatment visualization, planning and evaluation. The spatial relationship between a tumor, the
two hepatic vasculature trees and other structures within the patient's torso can impact the
tumor's treatment. For example, vasculature close to a tumor acts as a heat-sink as the tissue
is ablated, reducing the amount and shape of necrosed tissue.

Additionally, complete ablation of all malignant tissue is essential to minimize the probability
of tumor regrowth. To this end, knowledge of the tumor location and size is important when
simulating ablations, since the user must devise a treatment plan which adequately covers the
malignant area. In addition to ablating the diseased tissue, it is also recommended by the RFA
probe manufacturers that a small margin of approximately one centimeter surrounding the
tumor be ablated as well, to further decrease the possibility of tumor regrowth. Registration
and fusion of a PET acquisition to a pre-treatment CT volume can also be useful in finding
areas which may contain malignant tissue, but which do not appear abnormal in the CT scan.

Segmentation of ablated regions within post-treatment image volumes can also assist
clinicians, allowing them to compare the treated region to the pre-treatment tumor
segmentation, which is transformed into the post-treatment image volume when the two
datasets are registered. This comparison gives clinicians information on the effectiveness of
the RFA treatment and can alert them to situations were re-treatment may be necessary.

C. Vasculature

Segmentation of the hepatic vasculature is important to the visualization of the RFA procedure.
Vasculature in close proximity to the treatment region needs to be taken into account by the
clinician. These vessels act as heat-sinks, significantly altering the region of necrosed tissue
depending on the location and size of the vessel. Knowledge of the hepatic vasculature's
geometric information and spatial position is key to any effort to accurately model the thermal
field of an ablation. Research into the computation of these temperature profiles and the
corresponding regions of necrosed tissue through the use of Finite Element modeling [11]-
[13] require these data. A properly segmented vasculature allows RFAST to alert the user to
unfeasible treatment paths which intersect a vessel, possibly endangering the health of the
patient.

All this is not to say that a perfect, manual segmentation is necessarily required. The effect a
vessel has on a given ablation is a function of its proximity to the ablation and the amount of
blood flowing through it. Therefore, very small vessels and those which are a great distance
away from the area of malignant tissue do not require as precise a segmentation. To this end,
RFAST employs an interactive method for segmentation of the vasculature. This method
provides an acceptable segmentation of both the venous and arterial vasculature trees and
allows for manual evaluation and refinement of the vessels most likely to have an effect on the
procedure.

To begin the RFAST vasculature segmentation process, the liver must first be isolated from
the remainder of the image volume using the liver segmentation created previously. To generate
a maximum intensity projection (MIP) which is optimized for segmentation of the liver's
vasculature tree, the liver volume is processed with both median and coherence enhancing
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diffusion [14], [15] filters. These filters serve to make the image volume intensities more
consistent locally, allowing for an easier and more accurate segmentation of the vasculature
from the remainder of the liver. The coherence enhancing diffusion filter in particular works
well in this regard when its parameters are selected carefully, blurring the image only in areas
which it finds to have high “vessel-ness” measures.

A MIP rendering is generated of the filtered liver volume to provide the user with a better view
of the liver's internal, contrast-enhanced vasculature trees. RFAST searches for points within
the MIP which are part of the vasculature based on Hounsfield values. These points are
displayed to the user directly on the MIP, allowing the user to rapidly select where three-
dimensional region growing within the liver's vasculature tissue should begin. The user can
also click on arbitrary points within the MIP to designate them as seed points for three-
dimensional region grows, also performed within the original volume. These regions are shown
as “painted” and can be refined manually by the user to ensure they contain all of the
vasculature. This painted region is then converted to a mask image and holes are reduced using
a morphological closing operation. Finally, a surface mesh of the vascular tree is extracted
from the image mask.

V. Visualization and planning

Once all the necessary surfaces are extracted, the user can visualize the RFA procedure using
a multi-planar orthogonal slice view of the image volume and a three-dimensional volume
rendering. The extracted mesh surfaces are added into these renderings along with one of many
models representing different RFA probe needles.

A. Probe and ablation modeling

The physical characteristics of the probe, along with its appearance in the visualization are
customizable to match the attributes of the wide variety of probe models that are used in
ablations. The shape of the ablations generated by each probe can also be altered to match the
ablation generated by the real probe.

Currently, RFAST contains several fictional RFA probes with geometries and ablation models
which are intended to demonstrate the variety which its simulation framework can
accommodate. Another probe model, based on probes sold under the name CoolTip by
Radionics, Inc., has also been incorporated into RFAST.

This brand of RFA needle has a straight probe tip and produces ablation volumes which are
approximately ellipsoidal. The size of the necrosed volume of tissue depends on the length of
the exposed heating element tip, which can vary from two centimeters to seven centimeters.
By ignoring the effect of the vasculature and other inhomogeneities within the liver, RFAST
is able to simply approximate the CoolTip probe ablations by generating an ellipsoid-shaped
surface mesh, scaled according to published experimental data [16].

More probe models from different manufacturers can easily be added through creating a visual
model for the probe needle using the Java3D API and providing a method to generate an
ablation surface mesh of the proper size and geometry.

B. Treatment simulation

The probe can be moved in relation to the image volume in many ways: it can be rotated about
a target point (the center of the volume or the center of mass of a tumor surface), shifted in any
dimension (thereby changing the target point), and moved toward or away from the target point.
The user can also choose another, arbitrary target point for the probe using a tri-planar view
of the image volume, which is integrated into the RFAST volume renderer.
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If these probe movements result in the probe's path intersecting bone or vasculature tissue, the
user is visually alerted and shown where the problematic intersection occurs. A similar
indicator is shown where the probe path enters the patient's body, allowing the user to better
determine the viability of a treatment path.

The same entry point can be utilized for multiple ablations — RFAST allows for the probe to
be rotated and otherwise moved about its current abdominal entry point instead of the target
point to more closely simulate the treatment practices of physicians. Clinicians often attempt
to use a single entry point in the treatment of a patient to eliminate unnecessary complexity
and minimize trauma sustained by the patient during the procedure.

RFAST can also display two orthogonal planes taken from the image volume along the path
of the probe and one plane normal to the orientation of the probe needle as it is maneuvered
around the volume. These planes allow the user to easily visualize the tissue which the probe
will be traversing and the planes parallel to the probe's orientation can be rotated 360 degrees
to show all of the nearby tissue.

C. Treatment plan evaluation

Visual analysis of the effectiveness and efficiency of a given treatment plan is important and
is the first order of feedback RFAST provides its user. Portions of the target volume which are
not adequately ablated are often readily apparent within RFAST's volume rendering.
Unfortunately, visualization is not sufficient to detect all the possible problems with a given
treatment plan on its own. A series of ablations may leave a region in the interior of the tumor
untreated, while the visualization of the ablation surfaces may prevent the user from detecting
the problem and taking corrective action. Quantitative and automated methods are also
necessary to alert the user when a treatment plan is incomplete or impractical.

To lay the groundwork for quantitative measurements of a treatment plan, RFAST allows the
user to simulate treatment of each tumor surface mesh separately. The system first creates a
list of tumor surfaces and surfaces representing those tumors with expanded treatment margins.
The volume of each surface is calculated, along with a three dimensional binary mask volume
indicating voxels which lie within the surface's boundary. As the user positions the RFA needle
and places simulated ablations within the image volume rendering, binary mask volumes are
similarly generated for each ablation. These binary masks allow RFAST to calculate the volume
of an ablation of arbitrary geometry.

Each ablation surface is associated with the tumor surface which it is treating. The combination
of this linkage and the previously generated binary masks of the target and ablation surfaces
allows RFAST to compare the desired area of treatment with the actual area of treatment for
a given RFA plan. The binary masks of all of a target surface’s ablations can be combined
through an OR operation and the volume of this new mask can be compared to the volume of
the tumor surface. If this union of the ablation masks has a volume which is less than the tumor
surface volume, that is an indication that not all of the tumor is within the necrosed region and
more treatment is necessary.

Since both the surfaces for the segmented tumor and the tumor with an added safety margin
are present in the volume renderer, the physician has available both visual and quantitative
tools to determine whether a treatment plan adequately necroses the tumor and the safety
margin around it. In situations where ablation of the entirety of the tumor and surrounding
tissue is not practical, whether for practical or medical reasons, the physician can ensure that
a maximal amount of marginal tissue is necrosed. These same quantification methods can also
be applied to assist the physician in minimizing the amount of non-diseased tissue outside the

IEEE Trans Inf Technol Biomed. Author manuscript; available in PMC 2009 January 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McCreedy et al.

Page 7

safety margin that is necrosed. Reducing the amount of normal hepatic tissue that is ablated is
important in ensuring proper liver function after the procedure.

Similarly, the binary mask generated from the tumor surface and mask of the combined ablation
surfaces can be directly compared to detect specific areas of malignant tissue which need further
treatment. RFAST displays the areas of the tumor which have not been adequately treated as
an image volume, allowing the user to easily visualize those areas which need more attention.

VI. Future work

Now that RFAST provides clinicians with tools for pre-processing, segmentation, visualization
and planning for RFA procedures, there are a number of features which extend its planning
and evaluation capabilities.

First of all, a simple extension to RFAST would be the addition of a greater variety of RFA
probe needle models and their accompanying ablation surface mesh calculation routines. This
would allow for more clinicians to use RFAST to treat a greater diversity of tumors.
Experimental data collection of the ablations created by each RFA probe would be required,
whether that data is already published or needs to be gathered first-hand.

RFAST already contains the foundation for the addition of a Finite Element modeling (FEM)
system of the RFA procedure's tissue necrosis. FEM of the ablations requires knowledge of
the vasculature geometry, due to the vessels' behavior as heat-sinks; tumor location and
geometry, because of the different conductivity of malignant tissue; and the ability to simulate
ablations of arbitrary geometry. To include a third-party modeling system of the region of
necrosed tissue generated by an specific RFA probe needle, one would simply need to create
a function, written in Java, which takes as inputs the data required for the simulation, data
already gathered by RFAST, and returns a surface mesh representing the calculated volume of
tissue which would likely be necrosed during the procedure. Adding this next level of
sophistication to the simulation of a RFA procedure would allow clinicians to better plan the
treatment of tumors which are located nearby large vessels, which may greatly affect the
resulting regions of necrosed tissue.

The addition of a method for automatically packing ablations to treat each tumor would also
be very useful. When devising a treatment plan for a tumor, minimizing the amount of healthy
tissue necrosed while fully ablating all of the malignant tissue and the one centimeter safety
margin around the tumor. There is much research in the literature on the optimized, automatic
treatment planning of gamma knife radiosurgery procedures [17], [18]. Other research has been
done on the automated placement of RFA ablations, modeled as spheres, within a spherical
tumor volume, with the goal of minimizing the possibility of under-ablation and the resulting
tumor regrowth by fully necrosing the treatment area [19], [20]. Unfortunately, neither of these
approaches fully address all of the issues associated with automated ablation packing in RFA
procedures.

Gamma knife radiosurgery planning methods are not directly applicable due to the fact that
the path of the RFA probe to a given treatment is critically important, as, unlike radiation, the
probe needle is severely restricted in its available paths. RFA probes cannot traverse bone, nor
can they enter the patient's body at an angle which would go through the table the patient was
placed on. Additionally, the probe should avoid traveling through organs other than the liver
within the abdomen, or traversing through large vessels in the hepatic vasculature, as doing so
would reduce efficacy of the treatment.

Existing methods for RFA sphere-packing are also not useful when applied to real-world
procedure planning. This is chiefly due to their simplifying assumptions about the ablation
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geometries. The variety of RFA probe ablation shapes is great and ranges from the ellipsoid-
shaped ones approximated in RFAST, to “mushroom”-shaped ablations generated by probes
from other manufacturers. Secondly, these RFA sphere-packing methodologies fail to take into
account the limits on probe path selection and the desirability of entry point reuse.

A RFA-specific ablation-packing scheme within RFAST would likely require input from the
user to limit the search range of the optimization. After the user chooses an entry point into the
patient's body which targets a specific tumor, RFAST would find a set of ablations which would
fully necrose the malignant tissue and its safety margin, while avoiding unpractical probe
placements. The positioning of ablations would be limited to within a few degrees of rotation
around the entry point from the user's initial choice of probe placement, and to movement
toward and away from the probe's target point along its path. The facilities to detect whether
a given probe needle position will intersect bone or vasculature tissue are already implemented
within RFAST, allowing for evaluation of the automated ablation placement. Additionally, the
ability of RFAST to generate mask volumes from arbitrary ablation surface meshes should be
helpful in the creation of an algorithm to pack ablations without regard to their geometries
within a tumor and its surrounding safety margin. The specifics of such an algorithm, however,
have yet to be determined.

Intra-operative interaction with hardware during the procedure also reveals many research
possibilities, such as live probe needle tracking and display within RFAST's volume renderer,
and robotic needle placement using treatment plans generated from within RFAST. The ability
to translate from the coordinates of magnetic or optical position tracking devices attached to
the RFA probe needle would allow for intraoperative procedure progress monitoring and
evaluation from within RFAST. The clinician's progress could be compared against the pre-
determined treatment plan, giving a warning when significant deviation has occurred from the
plan. This would, however, require the current position of the RFA probe tracking device to
be registered to the pre-operative CT acquisition, whether the scan was taken days or minutes
before the procedure.

After translation between the pre-operative image volume and the magnetic or optical position
tracking equipment is achieved, extension to the automated guidance of a robotic arm to
perform the RFA procedure is also a possible area of research. There are, unfortunately, further
significant obstacles which must be addressed before the transition from virtual planning to
practical treatment automation is implementable. Steps must be taken to minimize the shifting
of the patient's internal organs, especially the liver, as the procedure is performed. Additionally,
adjustments need to be made to account for the movement of structures within the patient's
abdomen due to respiration.

Another opportunity to incorporate intraoperative data into RFAST is the ultrasound images
which some clinicians use to evaluate the progress of a procedure. The ultrasound video feed
could be quickly registered to the pre-operative CT acquisition in real-time using position-
tracking data obtained from a tracking device attached to the ultrasound equipment. After
registration, the ultrasound data could then be displayed in RFAST's texture-mapped three-
dimensional volume renderer, giving the clinician real-time information on the spatial position
of the probe in relation to the tumor and other structures within the patient's abdomen.

VIIl. Conclusion

Through optimizing the pre-processing, segmentation, visualization tools available in MIPAV
and expanding upon them when necessary, RFAST provides clinicians with the tools necessary
to fully exploit the imaging technology currently available. This can result in better pre-
treatment planning through volume rendering of the image volume, surface meshes of
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significant structures within the images, and models of the probe needles used in RFA
procedures and their generated thermal lesions. Doctors can easily examine the three-
dimensional spatial relationship of these elements, allowing for more accurate needle
placement and more effective treatment. Providing facilities for users to register and fuse multi-
modality volumes gives them more information about the location of neoplastic tissue in
relation to morphological features. Non-linear registration of pre and post treatment volumes
could provide for early detection of tumor regrowth. By focusing on the needs of clinicians
performing RFA treatments, RFAST is able to provide an optimized user interface for
procedure planning, monitoring and evaluation.
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Fig. 1.
Texture volume renderer visualization with the opacity set to show the patient's ribcage and
vertebrae.
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Fig. 2.
A single simulated ablation shown in the texture volume renderer.
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Fig. 3.
Two simulated ablations using a single entry point shown in the texture volume renderer.
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Fig. 4.
Two simulated ablations using a single entry point shown in the texture volume renderer.
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Fig. 5.
Three simulated ablations using a single entry point shown in the texture volume renderer.
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