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Abstract

Background We discuss the implementation of an automated port
placement system for use with laparoscopic in vivo biosensors. Biosensors
have physical limitations that make port placement crucial to proper data
collection. The port placement process is prohibitively complex to execute
optimally by human estimation.

Methods Port placement algorithms were integrated into an image-guided
surgery system. Variables for optimization of ports include biosensor length,
data collection restrictions, obstacles, and regions of interest. The port
placement is applied to 3D virtual ‘patients’ created from medical imaging
data. An example implementation for a Raman biosensor probe was created.

Results The prototype system can correctly find ideal port locations on
a virtual patient based on biosensor limitations and regions of interest.
Conversely, the system can evaluate and score an individual port selected by
a user.

Conclusion As biosensors become incorporated into laparoscopic surgical
environments, an automated port placement system would enable their
optimized integration. Copyright © 2009 John Wiley & Sons, Ltd.

Keywords port placement; sensor integration; image-guided surgery; Raman
spectroscopy; medical robotics; virtual reality

Introduction

Robotic surgery is increasingly being used in medical procedures (1). For
example, laparoscopic robots such as the da Vinci® (Intuitive Surgical,
Sunnyvale, CA, USA) are finding more common use because they provide
advantages such as tremor filtration and motion scaling (2). These robots
operate through small incisions in the patient’s skin, making robotic surgery
less invasive than open surgery. Another field of technology beginning to be
applied to medical care consists of biological sensors (biosensors), which are
capable of gathering many types of data (3—6). For example, biosensors based
on Raman spectroscopy (a light-based sensing technique) have been shown
to be effective at identifying various forms of cancer (7-10). Combining
the stability and positioning abilities of medical robots with the detection
capabilities of biosensors would allow surgeons to more accurately pinpoint
and treat diseases (11-13).

The first step in utilizing a biosensor in vivo is to identify a suitable port of
entry into the body. In this paper, a novel technique is presented for auto-
mated port placement for a biosensor with stringent physical requirements. It
addresses restrictions in biosensor probe placement, such as incident angle,
as well as inadequacies of existing port placement solutions. The technique
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allows the surgeon to select a region of tissue within
the patient’s body that he/she wishes to scan, and an
optimized port location is computed for that region. The
algorithm avoids unsafe port locations that would lead to
collisions between the probe and anatomical structures.
It also maximizes the performance of the biosensor by
allowing proper orientation of the probe at the target
location. Optimized port placement minimizes the risk
to the patient while ensuring the most effective use of
biosensor technology. This will enable a surgeon to make
more informed and timely decisions during interventions.

Biosensors

Many of the most effective biosensor technologies (Raman
spectroscopy, surface acoustic wave, glucose monitoring,
etc.) require close proximity or direct contact with tissue
in order to collect optimal data. Biosensors may also
scan a localized region, requiring the sensor to be
placed in multiple positions within a volume of interest.
Furthermore, the angle between the probe and the tissue
may be important, resulting in limited effectiveness when
outside some operating envelope. For example, Figure 1
shows that Raman data collected at a 45° angle has a
weaker signal than data collected from an orthogonal
placement. For spectroscopic sensors, the maximum
performance is typically attained when the probe is
perpendicular to the tissue (5). In addition, the size and
degrees of freedom of the probe can make it difficult
to achieve optimal sensor positioning. The complexity of
tissue surfaces and the presence of obstructions inside the
body also contribute to the difficulty.

In minimally invasive medical procedures, surgeons
operate through small ports in the patient’s skin. Thus,
any biosensor that is used during these procedures must
be inserted and used through one of these ports. The
biosensor must therefore pivot at a single location on
the skin surface, severely limiting the positions and
orientations that it can reach. Consequently, the choice
of a port’s location is critical to the performance of a
biosensor.
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Figure 1. Raman spectra of naphthalene captured with a Raman
probe at angles of 45° and 90° (perpendicular)
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Port placement

An automated port placement algorithm can be used to
help select an optimal location through which a probe can
be threaded into the body. Some automated techniques for
port placement have been developed (14-20). In general,
these techniques were designed to place two surgical
instruments and a camera for laparoscopic procedures
in a manner that makes the surgeon more comfortable
while ensuring better accessibility to the surgical site.
Unfortunately, these techniques do not address the needs
of optimal biosensor placement.

Many of the techniques place the surgical instruments
in a ‘golden triangle’ arrangement. In this arrangement,
the camera port is placed on the top of the triangle with
the two surgical arm ports on either side. For biosensor
placement, only a single port is required. Moreover, the
goal of biosensor placement is to maximize the surface
area that can be scanned or to achieve the highest quality
reading, depending on the type of sensor. Thus, the golden
triangle is not applicable for optimal biosensor placement.
However, the golden triangle can still be used to place
the endoscope and surgical tools as needed. While this
work does not take into account other tools within the
surgical site at the time of biosensor placement, it would
be possible to consider the other tools in the collision
avoidance algorithms discussed later in this paper.

Evaluating the performance of the biosensor’s port
placement requires different metrics than the existing
port placement techniques. Many of the existing port
placement techniques focus on a specific surgical
procedure (e.g. coronary artery bypass) and use its
outcome as a measure of the performance. In contrast,
the evaluation of biosensor placement must focus on the
ability to achieve high quality scans of target areas. The
use of a biosensor is a preamble to the actual surgical
procedure (resection) and its outcome. Thus, the area of
coverage and probability of successful scans are better
metrics for a biosensor application.

The technique outlined in this paper addresses the
aforementioned restrictions in biosensor probe placement
as well as the inadequacies of existing port placement
solutions. Our technique maximizes a probe’s ability to
reach many small, specific targets from one port location.
By taking into account the physical limitations of a
biosensor and obstructions within the scanning volume,
we can ensure the most effective coverage of a target
region.

Materials and Methods

The goal of this work was to create an optimized
port placement system for use with biosensor-enhanced
minimally invasive surgery. To implement such a system,
two computer algorithms were designed. One algorithm
was used to determine points that were reachable from a
given port location, and another was used to determine
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Figure 2. Data flow within the system

an optimal port location. A visualization interface was
also created to allow easier use of the system and
interpretation of its results.

From a user’s perspective, the system was designed
to operate in the following manner. First, 3D models
of a patient must be created (via segmentation) from
medical imaging, e.g. CT or MRI scans. Next, areas of
interest (biosensor scan locations) are chosen on the 3D
models. The system then determines an optimized port
location based on the 3D information and the limitations
of the biosensor (Figure 2). Alternatively, the surgeon
may select a port location, and the system determines all
possible valid targets. This information is presented to the
user in a virtual reality interface.

Raman biosensor

To prove the feasibility of the system, the implementation
was designed around a specific Raman spectroscopy
probe (Process RamanProbe, InPhotonics, Norwood, MA,
USA). However, the system was intended to generalize
to other types of biosensors. There are parameters and
functions that can be changed in our algorithms to
accommodate biosensors of different designs, such as
probes of different dimensions or having angle-dependent
response functions.

The Raman probe used in the design and validation of
the system was an inflexible cylinder, 20 cm in length
and 1cm in diameter (Figure 3). Like most optical
sensors, the probe achieves the best scan when it is
placed perpendicular to the tissue of interest. Additional
biosensor components are housed in an external box
attached to the probe through a cable. A Raman probe
was chosen because it has been shown to enable in vivo
cancer detection (21-23).

3D models

The algorithms detailed in this paper are designed to work
with three-dimensional (3D) representations of patient
data. These 3D models are made up of triangles, which
are themselves defined by points. Each point in a 3D
model has a corresponding normal vector that indicates
a direction approximately perpendicular to the surface
at that point (the normal vector for each point is the

Copyright © 2009 John Wiley & Sons, Ltd.
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Figure 3. Raman spectroscopy probe

average of the normal vectors for all triangles that share
the point). Each point in the model can be considered a
possible point for biosensor data capture, referred to as a
target point. Therefore, if a model has less detail (points),
the algorithms will execute faster, but there will be a
reduced number of targets a surgeon can choose to scan.
The port placement system supports whatever level of
model detail is required by the surgical application. If the
provided models lack sufficient detail, a pre-processing
stage can be used to increase the number of points.

A special ‘skin’ model, which contains all potential port
locations, must be defined. This model is thin (i.e. just
the surface of the patient’s skin and not its thickness),
which aids the collision detection algorithm (described in
the following section). Each point in the skin model can
be a possible port location. Thus, the model should be as
detailed as necessary for the surgical application.

Reachable point algorithm

An algorithm was created to test whether a point is
reachable from a given port location (Figure 5). The
algorithm tests three criteria to determine if a point is
reachable. If a point fails any test, it is determined to
be unreachable. Thus, it is not subjected to any further
tests, which shortens the execution time of the system.
The three tests are described in the following subsections.

Biosensor length test

The first test is a simple biosensor length test, which
ensures the biosensor is long enough to reach the target
from the port location. If the target point is farther from
a port location than the length of the biosensor, it is
considered to be unreachable. This test is performed first
because it is computationally the fastest and eliminates
many unreachable targets.

Int J Med Robotics Comput Assist Surg 2009; 5: 267-275.
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Collision test

The second test is a collision algorithm that ensures
that the biosensor does not collide with any other point
while moving the probe towards the given target. The
algorithm was designed to be extremely fast for the port
placement application with a rigid probe. To handle a
biosensor probe with a flexible or multi-jointed design,
the algorithm could be modified. Because every point
on every model is considered a potential collision, any
surface that is deemed to be non-obstructing should not
be included in the 3D scene representation of the patient.

The first step of the collision test is to create a vector
from the given port location point to the target point.
In addition, vectors from the port location to all other
geometry points (potential points of collision) are created
(Figure 4).

The second step is to determine the distance from the
port location to each of the potential points of collision.
Any point that is farther away than the target point is
eliminated as a point of collision, as the biosensor will
never have to reach far enough to intersect with that
point.

Any remaining potential collision points are now
determined to be closer to the port location than the
target point. The third and final step determines whether
any of these points are within the radius of the biosensor.
If the distance (equation 1) between a potential collision
point and the vector between the port location and the
target point (representing the biosensor) is less than the
radius of the biosensor, then the biosensor would collide
with that point while trying to reach the target point. If
even a single collision is determined to occur, the target
point is deemed unreachable:

x = ||vo|| sin(arccos(v; e V)) (1)

Potential
Collision
Point

'H’vl
.Target Point

Vs
Eliminated Collision Point

Figure 4. Diagram of the collision test algorithm. A collision
occurs when ||vz]|| < ||v1|| and x < radius of biosensor
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Biosensor-specific scoring function

The final test is a biosensor-specific scoring function. This
test is used to determine the quality of a scan the biosensor
will obtain from a given target. A score of O is treated as
a non-reachable point, while a score of 1 is considered a
perfect scan. For our Raman probe, we used a relatively
simple scoring function (equation 2):

_90° =6 450 °
qoo 45°=60<90

. (2)
0 Otherwise

Score = { 1
In equation 2, 6 represents the minimum angular
deviation of the probe from the tissue surface. The
equation produces a 1 for a perfectly perpendicular
orientation (0 = 90° from the surface) and decreases
linearly to O as the probe approaches 45° from
perpendicular. Although Raman biosensors are known
to have non-linear response functions (5), this linear
equation reasonably approximates the same response.
It was chosen for its simplicity and to illustrate the
functionality of the port placement algorithm (detailed
below). Non-linear functions or functions with angles
other than 45° could be used to accommodate other
biosensor probes.

Identifying the best port location

The best port location is one that enables the best coverage
of the target area by the biosensor. To find this location,
the system evaluates each point in the skin model (or a
user-selected subset of the skin) for its suitability as a port
location (Figure 6). The evaluation of each skin point is
carried out by executing the reachable point algorithm
with the skin point and all target points. This process
provides the number or percentage of reachable target
points and the average biosensor-specific score for each
potential port location.

For the test application (Raman cancer detection),
priority is given to the number of reachable points rather
than to the biosensor-specific scoring function when
determining the best port location. This is because it is
critical to ensure that as many reachable points as possible
are scanned, due to the importance of not missing any
cancerous cells during resection. Therefore, the best port
location enables the maximum number of target points to
be reached. If two or more port locations allow the same
number of target points to be reached, the best port is
chosen using the average result of the biosensor-specific
scoring function. For example, if two ports can reach the
same number of target points with a Raman biosensor, the
port location that provides the smallest average angular
deviation from perpendicular will be chosen.

It is possible that other biosensors may require
different priorities for the scoring function and the
number/percentage of reachable points. In this case, a
weighted decision function could be utilized, allowing a
combination of the number of reachable points and the
scoring function to be used to determine which port is
best.

Int J Med Robotics Comput Assist Surg 2009; 5: 267-275.
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Figure 5. Flowchart of the reachable point algorithm

Visualization

A 3D virtual reality display is used for the interface
of the port placement system. It is based on 3D Slicer
(24), an open source application for visualizing medical
data. 3D Slicer displays the 3D models derived from
segmentation as well as the various interface elements
used by the system. To accommodate the graphics and
interactivity needed for the port placement application,
a custom module was added to 3D Slicer. The module
handles target area selection, port placement, and the
presentation of the system’s results.

Target area selection is carried out in the following
fashion. First, the user selects a point in the centre
of a volume he/she wishes to scan, causing a ‘volume
of interest’ box to appear around that point. Then the
user adjusts the size of the box to enclose the desired
target surface area. Once the region is finalized, small
markers appear at each of the points within the region
(Figure 7). These points are considered to be the target
points.

Once the target points have been selected, the system
can find an optimized port location. It can evaluate every

Copyright © 2009 John Wiley & Sons, Ltd.

point on the skin model, or the search can be restricted
to a subset of the skin model. Selecting a subset of the
skin model is accomplished in exactly the same fashion as
choosing target points, consisting of a box being placed
and its size adjusted. The chosen subset of points is also
highlighted with markers (of a different color than the
targets).

After the port placement algorithms are executed, a
marker is placed at the optimized port location. This
enables the user to see the port location relative to other
body structures. In addition, a pop-up box displays the
percentage of reachable points and the average biosensor-
specific score for that location.

In addition to the computer-generated optimal port
location, the user can choose a specific port location for
the system to evaluate. This simply requires the user to
click at a desired location on the skin model. If target
points have been selected, the percentage of reachable
points and the average biosensor-specific score for the
chosen port are calculated and presented. If a target
region has not been selected, the system calculates all
reachable points (points that pass all three tests within
the reachable point algorithm) from the chosen port.

Int J Med Robotics Comput Assist Surg 2009; 5: 267-275.
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Figure 6. Flowchart for the selection of the best possible port
location. This method is optimized for cancer detection using

Raman spectroscopy (maximizing the number of reachable
points). Other methods can be utilized as necessary

Figure 7. Target volume selection (red box) within the
visualization system

These points are highlighted with markers on the 3D
models.

Results

To verify the operation of the port placement system,
a number of test scenes were created. These scenes
contained simple objects (planes, cylinders, etc.) with
geometrically provable solutions for the optimal port
locations. Using these scenes, the various components

Copyright © 2009 John Wiley & Sons, Ltd.
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of the system were validated. It was shown that the
algorithms were able to find optimal port locations, find all
reachable target locations, and avoid collisions. Figure 8
demonstrates the test scenarios that were used to validate
the system.

Figure 8a shows a cross-section of two parallel planes.
The top plane represents the skin surface, whose points
are potential port locations. The bottom plane is identical
to the top plane but shifted downwards. It represents
a target surface, whose points must be reached by the
biosensor. In this scenario, the algorithms were executed
with a single point selected at a time as the target. From
the diagram, it is clear that the skin point directly above
each target point is the best location for a port. This is
because the approach vector from the skin surface to the
target point is perpendicular to the target surface, which
maximizes the Raman scoring function. This scenario was
designed to verify that the system would function properly
under very simple conditions.

The test scenario in Figure 8b is very similar to the one
in Figure 8a. The only difference is that the algorithms
were executed with multiple points selected at a time as
the targets. The selected target points were always odd
in quantity, centred below one of the skin points, and
uniformly spaced. Under these constraints, the best port
location is the skin point above the centre of the group
of target points. For any other skin point, the average
value of the biosensor scoring function is lower because
the average angle from the approach vector to the target
surface at each target point is further from perpendicular.
The purpose of this scenario was to validate the system’s
operation when multiple target points are selected.

Figure 8c shows a cross-section of two concentric
cylinders. The outer cylinder represents the skin surface,
and the inner cylinder represents the target surface.
The cylinders are made from the same model with the
same points, but they were scaled to different radii. The
algorithms were executed with a single point selected at a
time as the target. As in the test scenario in Figure 8a, the
best port location for each target point is the skin point
directly across from it. This test was used to verify that the
system would work with non-planar (curved) surfaces.

In Figure 8d, there is another cross-section of two
planes. The top and bottom planes represent the skin
and target surfaces, respectively. In this scenario, the
algorithms were executed with a single point selected at a
time as the target. Because of the angle between the two
planes (45°), the best port location for a given target point
is not directly above the target point. Instead, the best port
location, which maximizes the biosensor scoring function,
is more to the right of the target point. This is because the
approach vector and target surface at the target point are
perpendicular for the skin point on the right. However,
there is an exception for the rightmost target point. The
distance from this point to the green triangle point on the
skin surface was made to be greater than the length of
the biosensor probe. Thus, the green triangle point was
not a valid port location. The blue circle point of the skin
surface enables the biosensor probe to reach the target

Int J Med Robotics Comput Assist Surg 2009; 5: 267-275.
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Figure 8. Cross-sectional views of five test scenarios used to validate the performance of the system

and achieves an angle closest to perpendicular, so it is the
best port location. Therefore, this test scenario verifies the
system’s performance when the skin and target surfaces
are not parallel and when a target point exceeds the
length of the biosensor probe.

Figure 8e shows a test scenario that is very similar to
the one in Figure 8a. The same parallel skin and target
surfaces are used, but there is an obstruction placed
between them. The single target point is only accessible
from the left-most skin point. This test demonstrates that
the system works by avoiding collisions when obstructions
are present.

These test scenarios show that the reachable point
algorithm and the algorithm for identifying the best
location work as intended. Since finding all reachable
points from a given port location is merely an application
of the reachable point algorithm, the results demonstrate
that this function of the port placement system also works
correctly.

More complicated scenes containing a skin model and
several enclosed organs were constructed to demonstrate
the system’s operation. Some of these organ models were
derived from real CT/MRI data. Due to the scene’s
complexity, geometric verification of the results was
mathematically intractable. Target areas were selected
on one of the models, and the system was used to
determine an optimized port location (Figure 9). In
addition, multiple port locations were selected manually
and scored to verify that the system-selected port location
had a better score. During these tests, it was found that
the optimized port location for a typical scene can be
calculated in only a few minutes on a modern PC.

We also demonstrated the ability of the system to find
all possible reachable points from a given port location
in a complex scene. As expected, the system avoided
points where collisions would occur and indicated only
those points that were reachable according to the scoring
function. The visualization of these results is shown in
Figure 10.

Copyright © 2009 John Wiley & Sons, Ltd.

Figure 9. Port placement within the visualization system. The
blue box encloses potential port locations, and the green dot
indicates the optimal location for use with the enclosed red
target area

Discussion

Biosensors and medical robotics used in vivo hold the
potential to rapidly identify and treat disease. Biosen-
sors have strict physical limitations that make picking a
port location a non-trivial task for a human operator.
In addition, existing techniques developed for automated
port placement were designed for laparoscopic surgical
instruments. This work demonstrates a novel automated
technique for selecting port locations specifically for
biosensor applications. Using existing patient 3D mod-
elling techniques, the system is able to find an optimized
location for user-specified targets in a matter of minutes
or seconds.

The technique described in this paper does have a
few limitations. One limitation is that it assumes that all

Int J Med Robotics Comput Assist Surg 2009; 5: 267-275.
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Figure 10. The visualization system, showing all points reach-
able (green markers) by the biosensor from the manually
selected port location (green dot)

structures are rigid (non-deformable). This limitation is
a consequence of the complexity of tissue deformation
models. Furthermore, the system also assumes that body
structures do not move as a result of manipulation,
respiration, etc. Consequently, CT and MRI scans should
be taken in the same pose that will be used during
the surgery. Additional algorithms would be needed to
accommodate tissue deformation and movement. This is
an ongoing area of research that could be integrated with
the system at a later date.

Another limitation exists within the collision algorithm.
There is the possibility of missed collisions with very large
triangles in the 3D models. Since this method tests for
collisions at the points of a triangle, it is possible for
the vector representing the biosensor to pass through the
middle of a large triangle (Figure 11). This is possible if
each point of the triangle resides outside the radius of the
biosensor. In this case, a collision that would obviously
occur will go undetected. This potential fault can be
eliminated with a pre-processing stage that ensures that
the 3D models have none of these triangles. This pre-
processing stage would test each triangle in the scene and
perform triangle subdivision if any triangle is determined
to be too large (25).

Currently, the execution speed of this application is
acceptable for the planning process before a surgery.
However, there are many possibilities for speed increases.
The highly parallel nature of the task makes it
a prime candidate for multithreading and parallel
processing. Other mechanisms for speed increases
include utilizing faster processors and more efficient
algorithm implementations. These performance increases
may enable near real-time results. If near real-time
performance can be achieved, intraoperative medical
imaging technology, e.g. 3D ultrasound, could be used
to update tissue models and reachable points during

Copyright © 2009 John Wiley & Sons, Ltd.
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Figure 11. Example of a collision that would be undetected due
to wide triangle point spacing. This problem can be prevented
with a pre-processing stage

a procedure. This possibility would also address the
limitation of the algorithms in their assumption of rigid
structures.

Currently this work uses a Raman probe as a prototype
for the algorithms. However, the system can handle
any other biosensor that can be used laparoscopically.
To support biosensors of different physical dimensions,
modifications can be made to the parameters used in
the collision algorithms, such as probe radius and length.
Flexible probes can be supported by changing the collision
algorithm to a model-based technique. Other types of
biosensors (besides Raman spectroscopy probes) can
be supported by developing different scoring functions
to accommodate their distinct physical data capture
characteristics.

For practical applications, it would be best to implement
the system with a medical robot. The robot would allow
the probe to reach the exact port location and target
points within the body. Our research group is currently
integrating a portable Raman probe with the Aesop®
and Zeus® medical robotic systems (Intuitive Surgical,
Sunnyvale, CA, USA). Custom control systems are being
developed to enable precise positioning abilities (26).

The next step in this research that will be performed is
a human factors study. The study will present a group of
users with different virtual scenes, like those described in
the Results section. They will be instructed to pick a port
location on a 3D skin model that enables the best scans of
a target area. Using the system developed in this paper,
the users’ selections will be compared to the optimized
port location. The performance of people on the port
placement task will be gauged by using scenes that focus
on particular difficulties (irregular surfaces, obstructed
target areas, expansive target areas, etc.).

In summary, biosensors have great potential for in vivo
surgical applications. For example, tissues can be analysed
without the need for time-consuming biopsies. In order

Int J Med Robotics Comput Assist Surg 2009; 5: 267-275.
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to achieve the full potential of a biosensor, it needs to
be optimally positioned within the body (e.g. with a
robot). A system has been developed for determining
optimized port locations for biosensor insertion. This
ensures the best coverage of target areas given the
limitations of a biosensor. The developed system is an
important step towards the goal of utilizing biosensors to
improve surgical treatment.
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