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The other major structures of interest in these organs are the blood vessels. They can
be highlighted by the use of a contrast agent which temporarily raises the atomic
number of the vessel. Effect of an iodine-based contrast agent can be seen in the CT
scan in Figure 1 where the white dots in the liver are contrast-agent-filled blood vessels.

Ultrasound (US) has also been used in the guidance of procedures in both the kidney
and the liver [13, 14]. While volumetric US imaging systems exist, B-mode US is
inherently a two-spatial-dimension imaging modality. Therefore, it is difficult to
determine the relative position of structures of interest and the objects encountered on
the path to the target. That lack of three-dimensional image information coupled with
the problem of a significant fraction of tumors being isoechoic on US [15, 16] make US
use in the OR more a matter of convenience than optimum choice.

With high quality tomographic images, it becomes possible to segment structures
[17–20] and construct rendered displays [21, 22]. Figure 3 shows a segmentation
surrounding a liver and Figure 4 a fully segmented rendered image. 

A three-dimensional rendered surface allows for easier understanding of the spatial
relations between surgical target (tumor) and healthy structures the surgeons may wish
to avoid (blood vessels). This facilitates surgical pre-planning where the insertion of
tools and placement of resection planes can be considered prior to the time-critical
period in the OR.

2.2. Three Dimensional Localization and Tracking Systems
The first two image-guided surgery systems [23, 24] used different classes of localizers:
triangulation and articulated arms. Both have been used in abdominal surgery. An
articulated arm generally uses fixed length members mounted on revolute joints. By
knowing the length of the members and measuring the angles, the end tip position and
orientation can be geometrically calculated. The articulated arm most in use in surgery
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Figure 3. CT image slice with segmentation line.



is the daVinci arm (Figure 5). Because its primary US application has been for prostate
surgery, urologists use the system and have migrated its use into kidney surgery (e.g.,
[25]). While later developing, more applications for liver surgery are emerging [26].
The advantages of the daVinci are a long reach with little tremor in a laparoscopic
application and a well-integrated display and haptic interface. The disadvantages are
high purchase and operating costs as well as the limitations of any minimally invasive
approach. Those limitations are due to the nature of the visualization. The user cannot
see beyond the imaging cone of the laparoscope and cannot see into a solid organ to
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Figure 4. Rendered transparent liver with hepatic veins (blue), portal arteries (red)
and tumor (brown) shown.

Figure 5. The daVinci surgical guidance system.



locate internal structures. Integration of image-guidance has begun in daVinci surgery
[27, 28].

The dominant choice for localizer systems has been optical triangulation systems such
as those from Northern Digital Inc. (NDI, Waterloo, Ontario, CA) and Image Guided
Technologies (now owned by Styker, Kalamazoo, MI). These devices locate either optical
sources or optical reflectors placed on the proximal end of a rigid tool. By measuring the
tool’s position and orientation, the location of the tip of a rigid tool can be calculated.
Optical localizers have been used in both liver surgery [29, 30] and kidney surgery [31].

Electromagnetic triangulation systems, such as the Aurora (NDI) and the systems
from Ascension, have an appeal of not requiring line of sight between localizer and tool
and thus is amenable to use with flexible tools. The challenge with such systems is that
their accuracy falls off quickly as tool moves from the ideal center of localization [32].
However, for applications not needing millimeter-scale accuracy, the advantages may
outweigh the difficulties. Magnetically tracked applications have been tried in the liver
[33] and applications for kidney have been discussed and may soon emerge.

2.3. Image Space – Physical Space Registration
Central to any image-guided surgery system is the process of registration, i.e.,
determining the mathematical relationship between objects in the tomograms and their
physical locations in the operating room. This may be done based on points, surfaces or
volumes. Point based registration has the critical advantage of known correspondence;
i.e., each point in one space is matched to its location in the other space. This allows both
the use of closed form least square error solutions [34, 35] and the ability to assess the
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Figure 6. An intraoperatively obtained surface (red) fit via ICP to a surface
extracted from a preoperative CT scan [38].



intraoperative surface, the deformations often look somewhat distorted. In addition,
these early techniques did not have a real strategy for handling boundary conditions in
non-visible regions of the organ. In more recent works, efforts to generate extrapolative
methods such that more natural flanking deformation fields are produced have been
forthcoming [62, 63, 65].

More specifically, three extrapolative methods recently investigated involved
iteratively fitting an average shape model to the intraoperatively deformed organ [62],
and two intraoperative model-based computing approaches. The shape-based method
was called the iterative closest atlas (ICAt) technique and systematically fit a
constructed shape by extracting a weighted combination of pre-computed shapes [62].
This method had the advantage of pre-computing the shapes associated with
deformation using a finite element model which allowed for rapid registration
intraoperatively. While preliminary results were encouraging, the atlas shape models
were challenging to generate for surgical data. There are still powerful aspects to this
work and investigation is continuing.

To compare and complement that work, the remaining two sparse data solutions
involve intraoperative computing of biomechanical models during surgery. Figure 9 is
the general form of these methods. In one method [63], the correspondence function
between LRS data (shown as green points in Figure 9) is used to guide the application
of boundary conditions similar to work by [56, 61, 69]. However, the difficulty in the
direct approaches of [56, 61, 69] was that sufficient information regarding posterior
surfaces needed to be specified. These surfaces were difficult to approximate, and
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flanking regions around the laser-range scanned partial surface were left unmodified
leading to unnatural looking deformations (i.e., a plug-like effect). In [63], the general
approach was to generate a radial capture region that was initially quite large (large
enough to propagate to the posterior region of the liver). This region would serve as an
averaging kernel to distribute the closest-point-based boundary conditions. With the
large kernels, the averaging would result in a small increment of deformation to be
applied. As the kernel size is reduced, the liver shape would approach that of the shape
as acquired by LRS. These computations were all compatible with OR timing. It should
also be noted that the radial spatial filter was modified by a norm-sensing procedure
such that as it distributed boundary conditions to the posterior side of the liver, the
boundary conditions would change direction. One advantage of this ‘filter’ approach is
that it introduced sufficient boundary conditions such that a priori assumptions
regarding the posterior regions of the liver need not be specified; instead, sufficient
enhancement to the condition number of matrices associated with Finite Element Model
calculations allowed for rapid solutions with standard sparse matrix techniques. While
this method was comparable to ICAt, the results were of limited success. In [63, 65],
the solution to Laplace’s equation along the organ surface was generated to extrapolate
boundary conditions into the flanking and posterior regions. Components of this
approach have been used to assist in non-rigid surface registration of the breast where
fiducials were not present [72]. Upon completion of the solution of Laplace’s equation,
the boundary conditions assigned to the posterior regions also undergo a norm-sensed
application direction change. Once computed, a deformation transform can be provided
to the guidance system for subsequent correction process.

One important note about these methods is that each method is considerably
restricted by the use of sparse data and could be considerably improved with additional
data. Conversely, the methods have been thoughtfully designed with respect to surgical
workflow and speed of translation. This emphasizes that solutions that do not
accommodate workflow and are overly encumbered and requiring too much attention
from the surgeon are not easily adopted, if at all. These types of surgically related
conflicting design problems were recently classified in [65], “the problem of
extrapolating cost-effective relevant information from distinctly finite or sparse data,
while balancing the competing goals between workflow and engineering design, and
between application and accuracy is the sparse data extrapolation problem”. In the
above work, computational tools are advocated as a valuable tool to enable more
effective therapeutic delivery in light of the sparse data extrapolation problem. As the
domains of surgery and engineering continue to require integration, it follows that novel
algorithmic developments will entail not only sophisticated mathematics and
instrumentation, but equally critical, knowledge of surgical practice. This merging of
expertise is an exciting development for the future of surgery.

3. RESULTS
3.1. Clinical Works Accomplished
We have experience with both image-guided liver and kidney surgeries. In both cases,
the idea is more specific resections, that is the complete removal of the tumor with
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minimum damage to the remaining healthy tissue. In both cases, the surgical
progression is toward smaller, less radical resections.

In the liver, removal of an entire lobe of the liver was the most common procedure as
shown by a study by the Edinburgh Liver Surgery and Transplantation Experimental
Research Group and seen in Figure 10 [73]. This radical approach was driven by an issue
of vascular control. Given the size and the pressure in the arteries in the liver, unplanned
cutting of a vessel leads to rapid blood loss which would quickly proceed to exsanguination
if not controlled. The vessels which feed each lobe of the liver are available on the posterior
side of the liver and thus could be clamped before the lobe is resected. If the disease neither
progresses nor recurs then the liver will regenerate the lost volume to resection. However,
such approaches are not useful with bilateral disease (a common occurrence in metastatic
cancers) and place the patient at risk if the patient has a cirrhotic liver (often a precursor to
hepatocellular carcinoma). It would be best if only the liver segments containing the tumor
need be removed. But the vascular supply to the segments is buried in the liver parenchyma
making control difficult unless they can be localized.

In our liver surgery work, our initial approach has been for open resections. The
predominant imaging modality has been CT in which we gather multi-phase contrasted
images allowing for the preoperative determination of arteries and veins. The images are
segmented for liver surface and vascular structures. In the OR, the patient’s abdomen is
opened and the anterior surface exposed. We use optical trackers to localize both the
surgical tools and LRS for acquiring an intraoperative surface for registration [41, 68,
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71]. With that surface, our mean distance between the physical surface and the extracted
CT surface was 2.9 mm [68]. While such a metric does not fully quantify the quality of
the registration, in the absence of true targets, it is the only available quantitation.

One of the noted drawbacks to an ICP driven surface registration is that they are
sensitive to rotational symmetries and biology tends to create smoothly curved surfaces.
Thus an ICP driven surface registration can “slide” to incorrect location reducing the
robustness of the registration methodology. To address this issue, we elected to capture
rough designations of surface features (inferior rim and falciform ligament) in both the
image set and the LRS images. These “salient features” were weighted with the surface to
add information to the registration process [45]. In six sets of clinical data, the localization
of observed features had a mean error of 24.15 mm with a standard deviation of 23.7 mm
and a median of 18.65 mm. When the “salient feature” registration was applied, the mean
error dropped to 3.6 mm, the standard deviation to 1.0 mm and the median was 3.6 mm.

3.2. Deformation Work
In [65], the comparison among the three algorithms presented above for liver phantom
deformation correction indicated a reduction in targeting error of 40–55% over rigid
body registration alone. The surface Laplacian method was found to be the most robust
and consistently performed better across varying initial registration poses. It was also
found that the initial alignment of the liver phantom could vary results 4–10%. In
addition, it was found that more complete surface information could reduce target
error by as much as 70%. Figure 11 demonstrates the changes in error using rigid
registration alone as well as adding correction. The (*) demonstrates the solution when
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more complete surface data are known. This figure shows that the combined rigid-
and-correction in both the sparse and more complete data sets results in a clear shifting
of targeting errors to smaller values. It is also clear that the more complete data yields
better results than the sparse; however, more complete data would require intraoperative
imaging either via CT/MRI or optically tracked US imaging. While these are quite
possible technologically, the impact to workflow relative to the benefit to surgical
application technique is considerable and it is not clear if it is necessary at this time.

With respect to clinical data, a great deal of retrospective application has been
achieved. However, quantitative validation in significantly sized patient studies has not
been reported. Figure 12 shows an example of a clinical case before and after
correction. Figure 12a and b clearly show misaligned surfaces. The guidance display
resulting from this usually renders a probing stylus either within the image volume or
hovering outside the volume when the surgeon is, in reality, touching the organ surface.
While not quantified, this perceptive difference is difficult to rectify for the purposes of
navigation. As Figure 12 c, d demonstrate, the surfaces are more closely aligned with
the addition of correction which would rectify stylus-position effects within the
guidance system and provide better guidance fidelity.

Figure 13 demonstrates the effect on a candidate image-guided display. For this
particular example, an optically tracked LRS liver surface was acquired in the OR. The
surface was then rigidly registered using a weighted surface registration [45]. Once
completed, the data were used within the correction framework reflected in [63, 65].
Once complete, the optically tracked stylus was dragged across the physical liver and a
transverse image display was generated without and with the correction. It should be
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noted that this particular analysis was performed retrospectively. Figure 13a illustrates
the image display when no correction is used. The image clearly shows the location of
the stylus considerably off the liver surface due to deformation. Figure 13b illustrates
the image display when correction is enabled. It clearly demonstrates an improvement.

As in the liver, the surgical goal for kidney is towards more complicated but less
damaging surgical procedures. Recent studies [74–77] have demonstrated that a partial
nephrectomy, either open or laparoscopic, is an effective procedure for select renal cell
carcinoma and is especially applicable for tumors less than 4 cm [75–77]. In addition
to providing equivalent oncologic outcomes, improved patient morbidity and mortality,
as compared to complete kidney removal, has been noted. Nephron-sparing procedures
are imperative when the contralateral kidney is functionally impaired or has been
surgically removed [75, 77].

Bringing image-guidance to the kidney poses some specific challenges. Unlike any
previous image-guided surgery target, the kidney is covered in perirenal fat, which
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hinders access to the surface of the kidney and to localization of specific anatomic
surface targets. The fat also results in mechanical coupling to the abdomen and
diaphragm, resulting in significant movement with respiration. Since a significant
fraction of kidney tumors protrude from surface of the kidney, ‘locating’ the tumor is
often not the challenge. Rather, it is the localization of the internal resection margin of
the tumor while maintaining a clear surgical margin that is the surgical challenge. In
addition, by interactively showing the surgeon the location of his or her tools during the
surgery, image-guidance would minimize both excess nephron removal and unintended
damage to vascular structures and the collection system.

3.3. Preliminary Animal Studies
We have conducted a number of preliminary studies using a porcine animal model.
Swine were chosen as their kidneys closely approximate the size and structure of human
kidneys. The first experiment assessed the effect of the loss of perfusion associated with
standard kidney vessel clamping and a body force similar to the insufflation pressure in
an MIS application.

Kidneys were obtained from anesthetized or newly euthanized pigs under an
IACUC-approved protocol. Heparin was administered intravenously to prevent blood
clotting, and the renal artery and vein were closed to retain turgor before resection.
Between 15 and 20 glass beads with 2-mm radii and holes through the center were
sutured onto the kidney surface in a roughly even distribution over the entire kidney.
CT scans of the kidney (160 or 300 mAs, 90 keV, 0.8 mm slice spacing, Phillips human
CT scanner) were taken before and after the renal artery and vein were cut and the
kidney decompressed. We can assess the kidney changes due to fluid loss by
comparison of the CT scans and by tracked fiducial location. Figure 15 shows a
subtraction image from the CT.

We performed similar experiments incorporating the effect of turgor loss due to an
incision. Figure 16 displays the incision, while Figure 17 shows the fiducial displacements.
Fiducial motion ranges from near zero to 1.1 cm. After applying a correction algorithm, the

220 Image-Guided Abdominal Surgery and Therapy Delivery

20 40 60 80 100 120

10

20

30

40

Sagittal slice

1000

500

0

−500

−1000

Figure 15. Subtraction of images in turgid and relaxed forms. Large intensity
differences indicate the areas of greatest kidney displacement due to loss
of kidney perfusion and pressure.



errors drop dramatically showing a maximum of 0.8 cm at the site of incision but a mean
of less than 2 mm. It should be noted at this point that the model is not designed to deal
with incisions; therefore, the residual error at the opening is to be expected.

3.4. Preliminary Human Studies
We have experience in human studies for kidney guidance. In the human, while the
perirenal fat poses an additional challenge, we gain an advantage in that a significant
number of human kidney tumors are exophtic, that is they protrude from the kidney.
This provides a change in surface curvature ideal for surface registrations.
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Figure 16. Incised kidney. (a) shows the kidney and the fiducial positions (red
beads). (b) shows a CT scan showing the depth of the incision. (c) is a
rendering of the full CT scan.

11

10

9

8

7

6

5

4

3

2

1

Displacement
(mm)

11

10

9

8

7

6

5

4

3

2

1

Displacement
(mm)

1
1

23
3

4
4

56
6

7
8

9
910

13

18

21

15

22

28

23
23

20

19
19

17
17

24 24

20 20

29 2930 30

25

8

12
13

18

22

25
26

12

16

2

5
7

10

21

15

26

16

Figure 17. Change in fiducial locations due to turgor loss. The left image is
uncorrected distance and the right image is after a first-order correction.



In our preliminary human studies, we obtained LRS surfaces of a kidney during an
open procedure. Since we cannot place extrinsic objects in the kidney prior to surgery,
we implemented a different approach. Once the kidney was exposed, six dots were
placed on the kidney using a surgical marker. We then performed an LRS of the
kidney to obtain a color image which can be mapped onto the 3D surface and hence
the dots can be localized as virtual fiducials. The kidney was clamped and iced as a
standard procedure, and after 10 minutes, a second LRS was obtained. Finally, the
surgery proceeded and the tumor was resected before a final LRS was performed. Our
results showed that after clamping and icing, the mean TRE for the virtual fiducials
was 0.95 mm (max = 1.33mm). After the resection, the surface had a significant
resection crater which impeded the surface registration (mean TRE 7.33 mm and 9.53
mm max). However, we know that an accurate registration could still be performed
even after the resection due to the use of the virtual fiducials in a point-based
registration (see Figure 18).

4. DISCUSSION
The concept of personalized medicine is one of the driving forces behind advances in
medical care. The treatment of the individual patients can be significantly enhanced if
it is based on their particular anatomy, physiology or even genetic structure. An
example of personalized medicine is the use of modern medical imaging to provide
three-dimensional maps of an individual patient’s anatomy to differentiate diseased and
healthy tissue during a real time surgical intervention. This can be critical in advancing
abdominal organ surgery as it has been in neurosurgical interventions. By using
radiological data not only for diagnosis but for guidance, we can achieve more complete
resections with minimum damage to healthy tissue.

In image-guided abdominal surgery, excellent tomographic image sets can be
obtained in combination with either optical or magnetic tracking systems. In addition,

222 Image-Guided Abdominal Surgery and Therapy Delivery

Figure 18. Post resection display showing former tumor location (green), the laser-
range scanned surface (red) and the preoperative CT (gray).



modern visualization tools such as the Visualization Tool Kit (Kitware, Clifton Park,
NY) make guidance displays sensitive only to surgical preference and the validity of the
segmentations.

Continued research is needed in physical space to image registration and deformation
correction. These are entangled problems requiring careful consideration of tissue
properties, algorithm behavior and surgical workflow. Techniques need to be robust and
well understood. The worst outcome is when a registration fails in a way which misleads
the surgeon. Similarly in deformation correction, the algorithm is effectively modifying the
presurgical data. In doing so, the algorithm is assuming some responsibility for patient care.
Such techniques require careful consideration, slow implementation and extensive testing.

5. CONCLUSION
Depending on the study, about 60% to 80% of all liver tumors are considered
“unresectable”. Far too many kidneys with localized tumors are removed because a
radical nephrectomy is technically easier with a reduced chance of short term
complications, although it places the patient at a greater long term risk with chronic
kidney disease. Neither of these is acceptable. By creating teams of surgeons and
engineers, we can develop, test, validate and translate tools to patient care. In this paper,
we show registration, localization and deformation-correction tools that are changing
existing surgeries and enabling previously impossible surgeries. These tools should
have clear advantages in terms of long-term outcome and reduced short term risk for
the patient. But the techniques to design such systems require that the surgeons and
engineers understand each other’s vocabulary, task structure, and mindset. There needs
to be almost constant feedback and careful validation because of the nature of the task.
This is “mission-critical” engineering and enhanced healthcare.
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