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1. Introduction

Breast cancer is the most common cancer among American women and is the third leading
cause of cancer death in women (American Cancer Society, 2009). The risk of breast
carcinomas is approximately 1 in 8 women (Pass et al., 2008). As a result of nationwide
implementation of screening for breast cancer, the proportion of small carcinomas found at
the time of treatment has increased (Elmore et al., 2005). For small lesions, the standard of
care is breast conserving therapy (BCT) with adjuvant radiation therapy (Arriagada et al.,
2003). However, the cosmetic outcome of BCT is often disappointing with a satisfaction rate
of 81% (Dian et al., 2007). Furthermore, BCT carries a relatively high morbidity rate due to
bleeding (up to 11%) and infections (3.63%) (Bakker & Roumen, 2002; El Tamer et al., 2007).
Breast asymmetry is also an issue with BCT where 35% of patients experience breast
asymmetry after BCT (Dian et al., 2007).

The occurrence of benign epithelial lesions (e.g., fibroadenomas) is also common among
women. Approximately 1 in 10 women experience a fibroadenoma in their lifetime
(Rewcastle, 2005). As with BCT for carcinoma, surgical resection, the treatment of choice,
provides definitive diagnosis, eliminates patient anxiety and reduces the need for follow-up
monitoring, but it is expensive, can cause cosmetic or ductal damage and may be
unnecessary because of the benign nature of the lesion (Greenberg et al., 1998). Additionally,
it has been argued (Greenberg et al., 1998) that surgical resection of every fibroadenoma
would place a huge burden on the health care system.

Because of bleeding, infection, cost and cosmetic considerations, several minimally invasive
ablative therapies for breast carcinomas as well as benign fibroadenomas are being currently
investigated that include cryoablation, radiofrequency ablation (RFA), laser-induced
thermal therapy, microwave ablation and focused ultrasound (Van Esser et al., 2007). We
present a brief background of cryoablation and RFA in order to motivate the need for
development of a robotic breast intervention system.

Cryoablation is a very promising ablation technique to treat small breast tumors. It involves
the introduction of a cryoprobe (about 2.4-3 mm in diameter) into the center of a tumor
under ultrasound guidance in order to freeze the tissue to temperatures between -160° C and
-1900 C to kill the tumor cells (Sabel, 2008). Cryoablation is a simple and safe procedure with
minimal discomfort or side effects for the patients (Whitworth & Rewcastle, 2005). After
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percutaneous US (ultrasound) guided placement of the probe at the center of the tumor, the
procedure involves monitoring the formation of an iceball and occasionally injecting saline
between the iceball and the skin to prevent thermal damage. After (generally) two freeze-
thaw cycles, the probe is removed and a bandage is placed over the incision. No local or
regional anesthesia is needed past the probe placement, since freezing produces the same
effect. Several small studies (Sabel et al., 2004; Pfleiderer et al., 2002; Staren et al., 1997;
Morin et al., 2004) have demonstrated the safety, feasibility, efficacy and limitations of
cryoablation for treating breast cancer. Data from these studies, most of which involve
cryoablation followed by surgical resection, demonstrate that cryoablation was successful in
destroying 100% of cancers less than 1 cm. For tumors between 1.0 and 1.5 cm, this success
rate was achieved in patients with invasive ductal carcinoma without a significant ductal
carcinoma-in-situ (DCIS) component. Cryablation was not recommended for tumors greater
than 1.5 cm. From these experimental results, it was concluded (Sabel, 2008) that
cryoablation can safely and efficiently treat primary breast cancers. It can be performed in
an office-based setting with only local anesthesia, and with minimal side effects or
discomfort by a skilled practitioner.

Cryoablation has also been applied in treating benign breast tumors such as fibroadenomas
(Kaufman et al.,, 2002; Kaufman et al., 2004). In recent years cryoablation has been an
approved treatment by the US Food and Drug Administration for women with biopsy-
proven fibroadenomas. There is another important application of cryoablation, which is
cryoprobe-assisted lumpectomy (CAL). The gold standard for localization in
mammographically-guided breast biopsy is needle wire localization (NWL). While NWL
has high degree of diagnostic accuracy, it is less reliable in localizing malignant tumors prior
to excision (Fornage & Edeiken, 2005). NWL is often ineffective at assuring a tumor-free
margin in the specimen resulting in 20-79% re-excision rate (Rewcastle, 2005). In CAL, a
cryoprobe is guided using US into the center of the tumor. The cryoprobe is engaged until
an iceball is created that encloses not only the entire tumor but also a margin. The iceball
enclosing the tumor is then surgically excised, which may prove to be a superior localization
methodology than NWL (Tafra et al., 2003).

US-guided RFA, on the other hand, uses thermal energy to induce thermal tissue necrosis in
the target region and is considered one of the most promising ablation techniques in the
treatment of breast cancer (Noguchi, 2007). The diameter of RFA probes is similar to those of
cryoablation except that the electrodes may have secondary prongs. The goal of RFA of
primary breast cancer is to achieve a lethal thermal lesion that encompasses not only the
tumor, but also a margin of surrounding normal tissue to destroy possible peripheral
microscopic disease. There have been several pilot and feasibility US guided RFA studies
conducted in USA, Japan, France and Italy (Jeffrey et al., 1999; Izzo et al., 2001; Elliot et al.,
2002; Burak et al., 2003; Hayashi et al., 2003; Fornage et al., 2004; Noguchi et al., 2006; Marcy
et al., 2006). It was found that a small T1 carcinoma less than 2 cm was ablated between 95-
100%. The ablation rate for T1-T2 tumors less than 3.0 cm was 90%. It is concluded from the
above studies that RFA can be effective for well-localized tumors measuring less than 2 cm.
The use of real-time sonography has been less effective in RFA because the margins of the
tumor may be obscured by a diffuse area of hyperechogenicity. Thus, the role of
sonographic guidance in RFA is to ensure that the probe is placed right at the geometric
center of the tumor.
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Thus, in order to evaluate the clinical efficacy of these ablative procedures, they first need to
be performed accurately. In addition, clinicians across the country should be able to perform
them otherwise the benefits of these treatments will be limited to a few at specialized cancer
centers. Naturally the question arises whether there is variability among the clinicians,
which if it exists will adversely affect the use of such ablative procedures. Measuring,
monitoring, and regulating the quality of breast surgery are controversial subjects
(Schachter et al., 2006). Up to 90% of breast surgery in the US is provided by 25% of
surgeons (Pass et al., 2008) and many surgeons perform surgery on fewer than 5 breast
cancer patients annually (Neuner et al., 2004). For example, the numbers for lumpectomy
per year are (Pass et al., 2008): 50% of surgeons do 2; 25% do 6; 10% do 11; and 1% do 34.
Quality discrepancy has been noted in many studies and appears to be related to surgeon
volume and/ or specific breast surgery or surgical oncology training (Skinner et al., 2003). It
is concluded by Pass et al. (2008) that breast-focused surgeons are more competent than the
50% of surgeons who do the occasional case. There is data to suggest that breast-focused
surgeons have better outcome. For example, treatment by surgical oncologists resulted in
33% reduction in the risk of death at 5 years (Skinner et al., 2003). Possible reasons for such
improved outcome include a volume effect, improved surgical techniques or appropriate
use of multidisciplinary approach to cancer treatment (Skinner et al., 2003). However, it is
likely that only approximately 10% of patients in the United States are treated by surgeons
who perform at least 30 annual operations (Neuner et al.,, 2004). Variability also exists
among radiologists (Woodward et al., 2007). For example, only 10% of all radiologists are
breast imaging specialists but 61% of radiologists interpret mammograms, and only 30% of
mammograms are interpreted by breast imaging specialists (Lewis et al., 2006). It was found
that radiologists in academic medical centers, compared with other radiologists, had a
higher sensitivity during interpretations. More training in mammography and more
experience in performing breast biopsy were associated with a decreased threshold for
recalling patients, resulting in statistically significant increases in sensitivity and false-
positive rates (Miglioretti, 2007). The above discussion suggests that the variability among
clinicians might adversely impact the clinical usefulness of cryoabalation and RFA because
of the requirement of the highest order of eye-hand coordination and may serve as a
deterrent for their widespread use, notwithstanding the substantial benefits they can offer in
terms of patient comfort, cosmetic results and cost.

Therefore, given the large variability that exists among breast clinicians (Pass et al., 2008;
Schachter et al., 2006; Neuner et al., 2004; Skinner et al., 2003; Woodward et al., 2007; Lewis
et al., 2006, Miglioretti et al., 2007), an automated system that can help the clinicians access
small lesions in a precise manner for treatment without requiring the highest level of eye-
hand coordination will likely be clinically useful, especially in community hospitals where a
highly skilled radiologist-mammography specialist is less likely to be available. We
therefore propose a new robotic technology for precise percutaneous probe placement to
enhance the efficacy of minimally invasive ultrasound (US) guided ablative therapies such
as cryoablation and radio frequency ablation (RFA) in the breast so that their scope and
clinical usefulness can be effectively explored. In addition, this technology will offset
clinician variability to a great extent and as a result, will help spread the use of ablative
therapies in the breast to communities where such treatment might not otherwise be
available.
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Robotic technology has become sufficiently mature in recent years to be useful in many
medical applications. There are numerous examples of these systems currently in use, such
as the da Vinci Surgical System (Intuitive Surgical®). However, robotic aids are noticeably
absent for breast surgery due to several unique technical challenges that are yet to be solved.
In this work we will address two primary technical challenges to develop a novel robotic
system for breast ablative procedures. These are: 1) how to ensure precise placement of a
therapy delivery probe at the center of the tumor; and 2) how to minimize difficulty of
ablative procedures. A robotic system that addresses these challenges will allow clinicians to
precisely and easily access center of the breast lesion for therapeutic purposes.

In this chapter, the following terminology is used: target refers to a suspected lesion/tumor
that is to be ablated; probe/needle (used interchangeably since the system development is
independent of the specific instrument used to access the targets) refers to a treatment or
therapy probe inserted into the target for ablation; US probe is the imaging probe used for
acquiring US images.

2. Background and Literature Review

As mentioned before, there are two major problems to be addressed to improve the accuracy
and reduce the difficulty of precise probe/needle placement at the center of the target.
Accurate needle placement: During needle insertion, the complex tissue of the breast induces
the small target to deflect away from its original location. Figure 1 (DiMaio & Salcudean,
2003) shows a three dimensional (3D) finite element model of needle insertion in soft tissue.
We can see from Figure 1 that as the needle is inserted, large tissue deformation causes the
target to move away from the line of insertion of the needle. Other factors such as patient
movement and breathing also cause inaccuracy in needle-target alignment. Note that
accurate needle placement has to be achieved with a single insertion, since multiple
insertions cause other risks such as excessive bleeding, tissue damage and significant patient
discomfort.

‘r" -
Target Target Target
. Needte .l Needle R Neéd[e _.
(b)

Fig. 1. Finite element model of needle insertion in soft tissue (DiMaio & Salcudean, 2003).
(a) Cross section of 3D model shows the finite element mesh.
(b) Target movement during needle insertion.
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Difficulty of operation: Sonography is the widely used imaging technique because of its real-
time capability and cost-effectiveness (Liberman et al., 1998). The current state-of-the-art US
guided technique is highly dependent on the skill of the clinician (Fornage, 1999). A clinician
performs this procedure by holding the US probe with one hand and inserting the needle
with the other hand. Since sonography only provides a 2D image, if the target moves out of
plane of the transducer, the clinician has to continuously reorient the probe to keep the
needle and the target in the imaging plane while inserting the needle. It is critical to orient
the imaging plane parallel to the needle. This freehand procedure requires excellent hand-
eye coordination. Since stabilization of the breast is problematic (Smith et al., 2001) and
steering of the needle inside the breast is extremely difficult, many insertion attempts are
required to successfully position the needle at the target. This procedure is very fatiguing for
the clinician and uncomfortable for the patient.

To address such challenges, several groups have designed robotic systems to improve the
accuracy of needle insertions (Cleary et al., 2006; Tsekos et al., 2001; Stoianovici et al., 1998;
Cleary et al., 2001; Patriciu et al., 2001; Stoianovici et al., 2001). The reader is referred to the
work of Cleary et al. (2006) for a detailed review of state-of-the-art in interventional robotic
systems. Several systems, such as, a device for conditioning of the breast and positioning of
the probe (Tsekos et al., 2001), robotic systems for needle insertion (Stoianovici et al., 1998),
precise intratumoral placement of therapeutic agents (Cleary et al., 2001), spinal (Patriciu et
al., 2001) and renal (Stoianovici et al., 2001) percutaneous procedures have been developed.
“Although these innovations greatly improve accuracy by automating needle target
alignment, they do not provide active trajectory correction in the likely event that trajectory
errors arise” (Okazawa et al., 2005). Needle trajectory errors and target mobility result in
multiple insertions at the same site for accurate needle placement.

As a result, significant research effort is being made to investigate techniques that can
address the problem of target movement during needle insertion. Okazawa et al. (2005) and
other researchers (Glozman et al., 2007; Webster III et al., 2006; Sears & Dupont, 2006)
pesented steerable devices are that allow the clinician to steer the tip of the needle towards
the target during insertion. With such a device the clinician would have to manoeuvre the
needle using one hand with image data from a US monitor while at the same time correctly
orienting the US probe and stabilizing the breast with the other hand. As mentioned earlier,
such a freehand technique is extremely difficult (due to high level of hand eye coordination
required) and fatiguing for the clinician and uncomfortable for the patient. A visually
controlled needle-guiding system is developed by Loser & Navab (2000) for automatic or
remote controlled percutaneous interventions. In the automated mode, needle insertion path
is updated based on image feedback to the needle-guiding system. Azar et al. (2002) and
Alterovitz et al. (2003) developed a finite element model of the breast to predict the
movement of the target. The needle path is planned based on this prediction to accurately
position the needle at the target. To get an accurate prediction of the movement of the target,
finite element analysis requires the geometric model and mechanical properties of the
breast. In addition, average time for computation is 29 minutes (Azar et al., 2002).

The goal of the current research is to address the problem of ensuring precise placement of
the probe/needle at the target for minimally invasive breast procedures leading to the
design and development of an innovative robotic breast intervention system to aid the
clinician. This system will potentially allow the clinician to solely focus on the detection,
decision making, and ablation of the target without being encumbered by the difficulty of
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achieving good targeting accuracy. In addition, the system also facilitates breast
stabilization, US image acquisition and processing. It is evident from the literature review
that there does not currently exist such a system. The robotic system provides a mechanism
to compensate for needle-target misalignment for providing access to mobile targets. A
novel approach termed, “target manipulation”, (Mallapragada et al., 2008) is used to
position the target inline with the needle thereby minimizing error in needle-target
alignment. In this approach multiple robotic fingers manipulate the tissue externally to
position a target inline with the needle during insertion.

In the following sections, basic theoretical framework of target manipulation is presented.
Simulations and experimental results on phantoms are used to demonstrate the efficacy of
this technique. Some aspects relating to the development of an autonmous US imaging
system for minimizing difficulty of breast interventional procedures are also presented. The
chapter ends with a discussion on the potential advantages and limitations of this system.

3. Control Framework

3.1. Noncollocated Controller for Target Manipulation
During image guided breast intervention a clinician inserts the needle through an incision in
the skin. A schematic of needle insertion in a breast is shown in Figure 2.

Breast .—— Line of

' insertio
" Target /
@1 (a) / (b)

Robotic

— -
/ x Finger
© N

Fig. 2. Needle insertion schematic. (a) and (b) Target movement during needle insertion. (c)
Minimizing needle - target misalignment using external robotic fingers.

The two dimensional plane of the figure represents a horizontal plane passing through the
target. In the figure, a simplified anatomy for the breast is shown. In reality, breast tissue is
inhomogeneous and its biomechanical properties are nonlinear. Hence, if the tip of the
needle reaches the interface between two different types of tissue, its further insertion will
push the tissue, instead of piercing it, causing unwanted deformations. These deformations
move the target away from its original location, as shown in Figure 2b. In this section, we
discuss controller design for the external robotic fingers positioned around the breast as
illustrated in Figure 2c. These fingers apply forces on the surface of the breast based on the
image of the target to guide the target towards the line of insertion of the needle.

During an interventional procedure, the needle is inserted into the breast at a shallow angle
(away from the chest wall) to the horizontal plane containing the target. The needle incision
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site and the orientation of the needle are chosen by the clinician considering factors such as
location of target, location of critical anatomical structures and ease of access to target. The
desired target position is the point where the line of insertion (of the needle) intersects the
plane containing the target. While one can choose any plane that contains the target and has
an intersection with the line of needle insertion, we choose this plane to be the horizontal
plane for simplicity. The desired target position is determined by a planner based on the
actual target location and needle direction. Note that we only need to control the target
position in two dimensions (horizontal plane) to be able to successfully position the target
along the line of insertion of the needle. Our goal is to design a controller that acts on the
position error to guide the target towards the desired location. The controller is designed
such that the effect of needle force (disturbance) on target position is minimized.

Before we discuss the design of the control system, we present a result by Wada et al. (2001)
to determine the number of robotic fingers required to position the target at an arbitrary
location in the horizontal plane. The following definitions are given according to the
convention of Wada et al. (2001).

Manipulation points: Defined as the points that can be manipulated directly by robotic
fingers. In our case, the manipulation points are the points where the external manipulators
apply forces on the breast.

Positioned points: Defined as the points that should be positioned indirectly by controlling
manipulation points appropriately. In our case, the target is the positioned point.

The control law to be designed is non-collocated since sensor feedback is from the
positioned points and control force is applied at the manipulation points. The following
result is useful in determining the number of fingers required to accurately position the
target at the desired location.

Result (Wada et al., 2001): The number of manipulated points must be greater than or equal
to that of the positioned points in order to realize any arbitrary displacement.

In our case, the number of positioned points is one, since we are trying to control the
position of just the target. Hence, ideally the number of contact points would also be one.
But practically there are two constraints: (1) We do not want to apply shear force on the
breast to avoid damage to the skin. (2) We can only apply control forces directed into the
breast. We cannot pull the skin on the breast since the robotic finger is not attached to the
breast. Thus our problem becomes more restrictive since we need to control the position of
the target by applying only unidirectional compressive force.

However, there exists a theorem on force direction closure in Mechanics that helps us
determine the equivalent number of normal compressive forces that can replace one
unconstrained force in a 2D (horizontal) plane.

Theorem (Nguyen, 1986): A set of wrenches W can generate force in any direction if and only

if there exists a three-tuple of wrenches {W1 W, W 3} whose respective force directions f1 ,
f2 , f3 satisfy:
(i) Two of the three directions fl , f2 , f3 are independent.
(ii) A strictly positive combination of the three directions is zero,

af, +pf, +yf,=0. 1)
The ramification of this theorem for our problem is this: we need three control forces
distributed around the breast (as shown in Figure 1c) such that the end points of their
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direction vectors draws a non-zero triangle that includes their common origin point. With
such an arrangement we can realize any arbitrary displacement of the target point.
To develop a control law for the robotic fingers, the breast is modeled as a discrete three
dimensional network of mass-spring-dampers. Following the notation of McClamroch
(1985), dynamics of the system can be written in the form

M x+F(x,x)=Bf . )

X, X and X (variables in italics represent vectors) denote generalized displacement,
velocity and acceleration vectors, respectively. Each of these vectors has size 2n x 1 where n

is the number of nodes in the discretized model. M is a constant symmetric, positive
definite mass matrix. [ is a flexible nonlinear restoring force function. B is the influence

matrix which links the location of the fingers to the geometry of the structure. f denotes a
vector of the external force applied on the system. f is a combination of the control force

fc and the needle force fn . The output displacement vector is defined as follows:

y=Cx. 3)
Here, ) is the position of the target and C is the output matrix. The output position data
is obtained through image feedback. Let p (i=1,2,3) denote displacement of the

manipulation point in contact with actuator I along the direction of actuation. We now
define the displacement vector of the manipulation points as

T
r=[p. P, ps] - )
Note that the elements of p are also elements of X . We have performed extensive

simulations to determine the nature of the control laws that would be appropriate for this
control problem. In particular, we investigated three generic class of controllers: adaptive
controller, force feedback controller and a proportional-integral (PI) position error-based
controller.

Adaptive control:

1=K, (- prg'y,gipgf). ©)

Here, fC - force applied by the fingers, K, - compliance matrix, p - velocity vector of
manipulation points, ), - desired position of target, gf, gd - force and position feedback
gain matrices, " - feedforward gain.

To drive the steady state error to zero, the feedforward gain gs is selected based on the

stiffness of the system (McClamroch, 1985). Since stiffness of the breast is unknown,
feedforward gain is adaptively estimated using MIT rule. Adaptation law is given by

g =V, W (©)
where V is the adaptation gain.
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Force feedback control:
f=Kyf-prg [(,-»)di-g' p-g" £} 7)

gi is the integral gain. Instead of adaptively estimating the feedforward gain in (5), an

integral term is added to eliminate steady state error.
PI control:

LK @K, [ p)de} ®)
K, and K, are proportional and integral gains. Note that in control laws (5), (7) and (8),

geometric or mechanical properties of the breast are not required. Equations (2) and (3) are
presented to develop a discretized model of the breast using a network of mass-spring-
dampers. These equations (and consequently any model parameters) are not used in
developing the control scheme. Equations (2) and (3) are used in simulation to construct a
model of the breast for testing the feasibility of such a control methodology.

The implicit assumption in the control laws is that there exists kinematic coupling between
the contact points and the target. This means that applying external control force (at the
contact point) in a particular direction causes the target to move in a direction that has
positive projection along the direction of force. Moreover, this assumes that the internal
elastic force around the target can be controlled by applying external force on the surface.
This assumption is valid since breast tissue is a continuous medium, however
inhomogeneous. Inhomogeneity might cause the target to deflect away from the direction of
force application, but continuity of the medium ensures kinematic coupling. Weak coupling
(when the target is located away from the line of action of the fingers or due to
inhomogeneity in the tissue) may necessitate large external forces to position the target but
theoretically this does not undermine the control framework. Large external forces are
undesirable so as to prevent patient injury and discomfort. This can be avoided in two ways:
(1) appropriate positioning of the external fingers such that their line of action is close to the
target; and (2) since breast tissue is not inhomogeneous in all directions, this problem can
also be obviated by distributing the actuators around the breast. The theorem and result
discussed above inherently address this problem and as an obvious consequence, the
actuators are positioned 1200 apart (in Figure 2c).

3.2. Simulation of Target Manipulation in Soft Tissue
Figure 3 shows a schematic of the control structure. Target position data (') is obtained

through image feedback. The desired target position (), ) is determined by the planner

based on the current target location and needle direction. The desired target position is
always along the line of insertion of the needle. The controller acts on the position error and
drives the robotic fingers to position the target at the desired location. The force exerted by
the needle is the disturbance to the system.
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Fig. 3. Control structure.

k.‘=

b

Breast |

h 4

To test the performance of the controllers, we simulated a needle insertion task using a 3D
model of the breast. The target is located inside the breast and is initially at the origin of the
coordinate system. A needle is inserted into the breast along the line specified by spherical

coordinates: azimuth (0) 459, zenith () 450 and passing through the origin. A plot of the

needle insertion force is shown in Figure 4. The force profile is based on the elasto-plastic
friction model (Yang et al., 2005). The insertion force gradually increases after contact with
the breast surface (Point A to Point B). At Point B, the needle punctures the tissue
characterized by a sudden drop in force (Point B to Point C). As the insertion continues,
needle force steadily rises (Point C to Point D) mainly due to friction between needle and the
tissue. Force remains constant once the insertion stops. In reality, there is a slight drop in
force at Point D due to expansion of tissue. However, this drop in force is small and does not
alter the results of this simulation significantly. In addition, force vibrations caused by the
internal structure of the tissue have not been modeled since they do not significantly affect
our results.

P ) e i e B

p— N
(9] <

Needle Force (N)
=

9]

|

/ Needle contacts surfice !

| | | | |

A 1 | | | 1

0 5 10 15 20 25 30
Time (s)

0

Fig. 4. Needle insertion force.

Figure 5 shows a plot of the trajectory of the target using the three different control laws. In
Figure 5, Point A (origin) is the initial location of the target. The needle is inserted along the
direction indicated by the broken arrow. As the needle is inserted, inhomogeneity in the
tissue causes the target to move away from the needle path. As we can see from Figure 5, all
three controllers successfully bring the target back to the needle path. The final target
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location is at Point B which lies on the line of needle insertion. The simulation results
suggest that adaptive controller and force feedback controller do not provide any significant
advantage over the PI controller. Hence, a PI position error-based controller is chosen for
this application since it is the cheapest and simplest controller with acceptable performance.
Note that Figure 5 only shows the line of insertion of the needle and not the path of the
needle. Temporal coordination of needle insertion and target manipulation has to be
performed by the clinician through visual feedback from real time ultrasound imaging.

th @ -

Z Position (mm)
[ T TN

L

o

X Position (mm)

= Adaptive Control A - Initial Target Location
Force feedback Control| g _ Final Target Location
=PI Control

C Puncture
Line of needle insertion

Fig. 5. Target trajectory.

4. Results

4.1. Phantoms

Deformable plastic phantoms with a stiff inclusion (a plastic insert placed in the phantom to
mimic a tumor) are created to test the efficacy of the PI controller in positioning the
inclusion at a desired location. We make the phantoms in such a manner that their material
properties closely resemble breast tissue properties as published in the literature (Wellman,
1999). This step is necessary to ensure the success of the controller when it is applied to real
breast tissue. The phantom is a cylindrical structure (radius 60mm, height 35mm) made of
PVC (Poly Vinyl Chloride) plastic. The inclusion is a plastic sphere (radius 14 mm) that is
much stiffer than the phantom. The inclusion is used as the target in the following
experiments. Softening and hardening material is added to this plastic to alter its elastic
property. Three phantoms (A, B, and C) are prepared with different mix ratios. Phantom A
has plastic to hardener ratio of 4:1. Phantom B does not contain softener or hardener.
Phantom C has plastic to softener ratio of 3:1. Procedure for preparing the phantoms is
outlined by Mallapragada et al. (2007). The three phantoms are homogeneous.

Uniaxial compression tests are performed on each of the phantoms to determine their elastic
properties. Nominal stress - strain values are computed from force - displacement data
measured during the compression test. Elastic moduli of the phantoms are determined by
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an exponential fit of the stress - strain curve (Wellman, 1999). Using the notation by
Wellman (1999), stress - strain relationship is given by

6= b*(em*ﬁn-l), )
m

* * *
where G, is the nominal stress and € is the nominal strain. b and m are the

exponential fit parameters. The Young’s modulus is given by

E=be™ ™. (10)
Figure 6 shows a plot of the Young’s moduli of the phantoms. Fat tissue data shown in
Figure 6 is presented by Wellman (1999). From the figure we can see that the phantoms have
Young's moduli similar to that of fat tissue in the breast. Breast tissue properties vary
greatly based on factors such as age, presence of tissue abnormality etc. In order to
demonstrate feasibility of our technique under significant parameter variation, we prepared
phantoms with varying elastic properties to demonstrate that the presented controller can
work in realistic scenarios.
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Fig. 6. Comparison of Young’s modulus of fat tissue and phantoms.

4.2. Experimental Results

We demonstrate efficacy of this technique through planar manipulation experiments. In
these experiments needle is inserted in the plane of target manipulation. Therefore, we only
need two control forces (fingers) to position the target inline with the needle. When the
needle is inclined to the plane of target manipulation, we will need three control forces
(fingers) to position the target on the needle path. This is because when the needle is in the
plane of target manipulation, the intersection between the axis of the needle and the plane is
a line whereas when the needle is inclined to the plane, the intersection between the axis of
the needle and the plane is a point. As discussed in Section 3.1, in either case planar
manipulation is sufficient to position the target inline with the needle. Hence, results
presented in this Chapter also demonstrate feasibility for out of plane needle insertion since
in either case we are manipulating target position in the plane.
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We have performed four different experiments to demonstrate different aspects of target
manipulation. Needle used in the following experiments is a 10-gauge vacuum assisted
device.

Experiment 1: In the first experiment, we demonstrate movement of the target during planar
needle insertion. The phantoms used for this experiment are inhomogeneous (as is actual
breast tissue) such that during needle insertion the target deflects away from the path of the
needle. Figure 7 shows two images grabbed from the video signal during needle insertion.
Figure 7a shows the initial target location prior to needle insertion. Figure 7b shows needle
inserted along Y axis. As the needle is inserted, the target deflects away from the needle
path.

o e

s &

G

Fig. 7. Images grabbed from the video signal during needle insertion in inhomogeneous
phantom. (a) Initial position of target in phantom is shown. (b) Displacement of target from
needle path. Needle is identified in the figure with a dotted bounding box.
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Fig. 8. Movement of target during needle insertion. Needle is inserted along Y axis. Dots
indicate maximum displacement of target from the needle path.

Figure 8 shows a scatter plot of the maximum deflection of the target away from the needle
path during multiple trials using different phantoms. Point A (origin) is the initial location
of the target before the needle is inserted. The arrow indicates the direction of needle
insertion. During 11 trials, the average maximum deflection of the target away from the
needle path is 8.51 mm. The cone angle for target deflection ranges from 28.80 to 52.30.
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These results are consistent with the observation of DiMaio & Salcudean (2003). Thus this
experiment demonstrates that the phantoms that we have created behave similar to breast
tissue.

Experiment 2: An experimental setup is constructed to test the efficacy of PI controlled
robotic fingers in positioning the stiff target at a desired location by applying force on the
surface of the phantom. A schematic of the experimental setup is shown in Figure 9.

The phantom is braced against a support on two sides and fingers apply force from the
opposite sides. Position feedback is obtained using a Creative Labs video camera (30 Frames
per second, 640 X 480 pixels). The target can be viewed using a video camera since the
phantom is transparent. Image data from the video camera is converted from RGB to YCgCr
color space. The phantom is placed against a red background and the target is blue in color.
Hence, chrominance (Cs) is used to track the target in real-time. Image processing algorithm
consists of the following steps: 1) region segmentation to extract the region of interest, 2)
color space conversion to convert from RGB to YCgCg, 3) thresholding to differentiate the
target from the background, 4) median filtering to remove noise, and 5) blob analysis to
extract target centroid coordinates.

Serial 16 bit digital
communicatio output ~ PC2

Power Power
mplifie] amplifier

Phantom Robotic
Fig. 9. Experimental setup shows system architecture and the location of actuators for target
position control.

During an interventional procedure, image data would be obtained through ultrasound
imaging. Image frames from the video camera are sent to a computer (1.6 GHz and 2 GB
RAM, shown as PC 1 in Figure 9) running image processing algorithm in Matlab. Image
frames are processed to extract position data of the target. Target position data is
communicated serially to a microcontroller (Freescale 68HC912B32, 8 MHz clock frequency).
The microcontroller outputs this data in a 16 bit parallel format. Each iteration of image
processing and data communication requires 0.2 seconds. This is the time delay in the
feedback loop of the controller. Medical US systems have frame rates of 5 frames per second
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or higher. Hence the time delay in the feedback loop using US systems will be the same or
less and the performance of the controller will not be affected. This data is read by another
computer (1.6 GHz and 1GB RAM, shown as PC 2 in Figure 9) using a data acquisition card
(Measurement computing PCIM DDAO06/16). This computer runs the PI control algorithm
and outputs control signals to power amplifiers for driving the robotic fingers. The fingers
are lead screw driven linear actuators (FA-PO-20-12-2”, Firgelli Automation) with inbuilt
potentiometers. They have a no load speed of 50 mm/s and a load capacity of 88N at 25%
duty cycle. The end-effector of the actuators has a circular surface area of 3.1 cm? (2 cm
diameter) . Contact between the end-effector of the finger and phantom is frictionless.

In this experiment, we have created a situation that is similar to the target deflection
problem due to a needle insertion to demonstrate the feasibility of the concept. In a needle
insertion situation, the task is to localize the target so that it remains inline with the needle.
Any deviation of the target is seen as an error by the controller and a compensating force is
generated to mitigate the error. We assume that the target is already deflected and the task
of the controller is to move the target to a desired position by applying an external force.
Thus this experiment is conducted to move the target to a desired location within the
phantom using the fingers. Initial position of the target is set as the origin. Needle force
acting as a disturbance on the system is not included for this experiment. This experiment is
designed to move the target along two directions (X and Y axes as shown in Figure 9) using
two fingers perpendicular to each other. The goal is to be able to position the target at any
point in the horizontal plane (XY plane in Figure 9). Phantom is braced against a support
opposite to the fingers.
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Fig. 10. Target positioning in horizontal plane. Position response of the target for two trials
with different control gains. Target reaches the desired position in approximately 12 seconds
with Kp =0.02 and K; = 0.01.
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In PI control law (8), duty cycle of a PWM (Pulse Width Modulation) signal is used as
actuator input instead of force. This is chosen to overcome friction based limit cycle
behavior seen in DC (Direct Current) voltage controlled actuators. We use a PWM signal
with frequency of 4 Hz and amplitude of 2 Volts for driving the fingers. The desired
position of the target is 3 mm along X axis and 4.2 mm along Y axis. Two trials are
performed with different sets of proportional and integral gains. For trial 1, proportional
and integral gains are 0.02 and 0.01 respectively for both the actuators. For trial 2,
proportional and integral gains are 0.015 and 0.015 (respectively) for the first finger (acting
along X direction); proportional and integral gains are 0.025 and 0.015 (respectively) for the
second finger (acting along Y direction). It can be observed from Figure 10 that the position
response for trial 1 has less overshoot along both directions. For X direction, target reaches
the desired position faster for trial 1. For Y direction, target response has less oscillcation for
trial 1. Therefore gains selected for trial 1 are better suited for target position control. It can
also be observed from Figure 10 that the target reaches the desired position in
approximately 12 seconds for trial 1. Note that any geometric or mechanical properties of
the phantom are not used in the control scheme (8).

Experiment 3: For the third experiment, we use the robotic fingers to manipulate target

position during a needle insertion task. The experimental setup for this task is shown in
Figure 10.

Linear
Actuator

BE 7 b
Phantom)

S

i X

Fig. 11. Experimental setup for needle insertion task. Needle is inserted along Y axis. Robotic
fingers control target position along X axis.

Target is initially located at the origin and the needle is inserted along the Y axis. Due to
inhomogeneity in the phantom, target moves away from the needle path during insertion.
We use fingers positioned along the X axis to steer the target towards the needle path (Y
axis). During this experiment, force applied by the needle on the phantom is treated as a
disturbance to the system. The task of the controller is to position the target on the Y axis
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(needle path). Position of the target along Y axis is not controlled since the needle will
intersect with the target no matter where it is located on the Y axis.

Figure 12 shows a plot of the position response of the target (along the X axis) during five
trials (shown as Trials 1, 2, 3, 4 and 5) on three different inhomogeneous phantoms. The
inhomogeneous phantoms are constructed by distributing the phantom material A, B and C
(described in Section 4.1) in an asymmetrical arrangement during the molding process.
These phantoms have two kinds of material with elastic moduli similar to fat and glandular
tissue.

----- Trial 1
................... Trial 2 L
""" Trial 3
Trial 4
“““ Trial 5[]

X Position (mm)

Time (s)
Fig. 12. Target position response during needle insertion. Plot shows that the target reaches
the needle path in approximately 28 seconds.
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Fig. 13. Locus of target position for Trial 1. Needle is inserted along the Y axis. Point A is the
initial target location and point B is the final target location.
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From Figure 12, it can be observed that the target is initially located on the Y axis
(displacement along X axis is zero). As the needle is inserted, target moves away from the Y
axis (non zero displacement along X axis). This initiates a control action by the fingers,
which steer and position the target on the Y axis (displacement along X axis is zero) at
steady state. As we can see from Figure 12, target is steered back to the needle path in about
30 seconds. In all five trials, we were successful in positioning the target along the needle
path. We could steer the target back to the needle path even when the deviation of the target
is large (~10 mm).

Figure 13 shows locus of the target position for Trial 1. We can see from Figure 13 that the
target is initially located in the path of the needle (Point A), but as the needle is inserted it
deviates away from the path and the fingers (under PI control action) steer it back towards
the line of insertion. The final location of the target is at Point B on the needle path.

Root mean square error (RMSE) is used to quantify the targeting accuracy of this technique.
RMSE is defined as

(11)

where t, and t; represent the limits of the time interval over which RMSE is computed.

X, is the desired target position and X is the actual target position at time t. 1 is the

number of data points in the chosen time interval. Table I shows the RMSE values for the
five trials in Figure 12. In these trials the desired target position is along the Y axis, hence

X dZO. Targeting accuracy needs to be evaluated when the target is positioned on the

needle path, therefore steady state position data (t,=30 s; t;, =40 s) is used to compute

RMSE. The sampling time for the controller is 0.001 s, hence N =10001. As we can see from
Table 1, the targeting error in all cases is one order of magnitude less than the diameter of
the needle (10-guage, 3.4 mm). Therefore this technique can be used to successfully position
the target on the needle path.

Trial # 1 2 3 4 5
RMSE (mm) | 032 | 018 | 010 | 013 | 0.12
Table 1. Targeting accuracy with external manipulation

Experiment 4: We present results with a 2D US system to demonstrate applicability of this
technique using US image feedback. The experimental setup is shown in Figure 14. Image
feedback is obtained using a Toshiba ECCO-CEE (model SSA-340A) US system. US images
are acquired using a frame grabber card (Data Translation, DT3120). Figure 15 shows an
image grabbed from the video signal of the US system. Dark blob in the image is the target.
Region segmentation, thresholding, median filtering and blob analysis are used to extract
target position coordinates.
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Fig. 14. US experimental setup. Needle is inserted along Y axis and fingers control target
position along X axis.

The task description for this experiment is similar to Experiment 3. The target is initially
located at the origin and the needle is inserted along the Y axis (Figure 14). We use robotic
fingers positioned along the X axis to steer the target towards the needle path (Y axis). The
task of the controller is to position the target on the Y axis. XY plane is the imaging plane of
the US probe. In this setup, position of the actuators and needle (with respect to the US
image space) are hard coded into controller.

==y
Frie L

Figure 16 shows the locus of target position. We can see from Figure 16 that the target is
initially located in the path of the needle (Point A), but as the needle is inserted it deviates
away from the path and the actuators steer it back towards the line of insertion. The final
location of the target is at Point B on the needle path where it meets the needle. RMSE in this
experiment is 0.06 mm.

During needle insertion, real-time video (rendered on US or computer monitor display)
provides visual information of the position of the needle and target. In these experiments,
operator controls needle insertion depth based on visual feedback so that the needle does
not overshoot/cross the target location. If needle insertion is automated, target
manipulation has to be coordinated with needle insertion so as to ensure alignment of the
target with needle tip.
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Fig. 16. Locus of target position for Experiment 4. Needle is inserted along the Y axis. Point
A is the initial target location and point B is the final target location.

5. Autonomous US Imaging

Researchers have developed robotic systems to alleviate the difficulty associated with
acquiring US images during medical procedures (Abolmaesumi et al., 2002; Masuda et al.,
2001). Robotic systems with autonomous US imaging minimize the difficulty of breast
interventions (Section 2) and also reduce the incidence of muscoskeletal disorders in
sonographers. However, despite the potential advantages offered by robotic US imaging
systems, there are some technical challenges that need to be overcome in order to realize
autonomous US image acquisition.

2D US is the most widely used and cost effective clinical imaging technique. There are two
major limitations of 2D US imaging. First, Tracking the location of a target (3D coordinates)
using a 2D US probe requires knowledge of the position of the probe and coordinates of the
target in the image plane of the probe. Sensors are used to measure the position of the probe.
Coordinates of the target are extracted using an image processing algorithm, if the target is
in the imaging plane. If the target is out of the imaging plane, there is uncertainty in
determining the location of the target with respect to the imaging plane i.e., there is no
information regarding the location of the target in a direction perpendicular to the imaging
plane. Second, the US probe has to be continuously in contact with the surface of the breast
to ensure acoustic coupling. Surface deformation due to target manipulation and needle
insertion may result in the US probe losing contact with the breast. Loss of contact has to be
detected (robotic systems use force sensors for detecting contact state of the US probe) and
the US probe has to be moved to reestablish contact with the surface.

Even though the systems described in literature greatly reduce the difficulty of acquiring US
images, the target cannot be tracked in real-time if it moves out of the imaging plane of the
probe. Therefore, there is a need for a robust image acquisition system that is capable of
automatic search and recovery of the target. Currently, none of the existing systems have
this ability.

Real time automated target tracking using 2D US is a challenging task especially since US
gives image of a two dimensional cross-section. We are investigating a system for
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positioning the US probe guided by an image acquisition algorithm for automatic retrieval
of the image of the target. This system continuously orients the transducer such that the 3D
coordinates of the target are tracked in real-time. A novel sensorless technique for detecting
contact state of US probe is also being investigated. The region in the image close to the edge
(where the US probe makes contact with the surface) is used to detect the contact state of the
US probe. This region is extracted from the US image and Otsu’s method is used to estimate
the greyscale threshold for the region. The threshold differential between contact and non
contact states is used to infer the contact state of the US probe.

The target manipulation technique presented in this paper will be integrated with the
autonomous US imaging system to provide comprehensive robotic assistance during US
guided breast interventional procedures.

6. Discussion

PI control architecture has been presented in the paper for guiding a target towards the
needle path. The performance of the controller is tested on phantoms with elastic property
similar to that of breast tissue. We have demonstrated planar needle insertion as a proof-of-
concept of a new control approach to target manipulation. As discussed in Section 4.2, it
does not limit the scope of our results. Results show that PI controlled robotic fingers can be
used to efficiently position a target inline with needle during insertion. The proposed
technique of guiding breast interventions can increase the success rate of the procedure. The
entire procedure is predicted to be fast, making it clinically viable. Since the needle is not
steered inside the breast, tissue damage is also minimized. Additionally, since multiple
insertions are not required, the proposed technique will likely reduce clinician fatigue and
patient discomfort and improve the structural integrity of the tissue specimen. Geometric
and mechanical properties of the breast are not required for precise positioning of the target.
Target identification in ultrasound is a significant challenge and as such our work does not
address this issue. The targets in our experiments are easily identifiable in the video frame.
The focus of this paper is on developing a new targeting approach for breast interventional
procedures which can be integrated with any real time imaging modality.

The proposed technique is not without limitations. In the experimental setup, position of the
needle (with respect to the image space) is hard coded into the controller. However, this
would be infeasible in a clinical setting. Therefore, needle position/orientation has to be
measured using a 6 degree-of-freedom electromagnetic sensor, or estimated using needle
segmentation techniques in US image.

The end-effector of the actuator has a circular cross section with 20 mm diameter. During
experimental tests, we observed that maximum target movement in any direction is
typically in the range of 5 - 10 mm. Since the end-effector has surface contact (contact are
3.14 cm?), even if the target moves out-of-plane, the actuators can still control the target
motion without causing instability. It is highly unlikely that target movement will be greater
than 20 mm. If such an extreme case is observed, the robotic system requires another degree-
of-freedom so that the actuators can move in a direction perpendicular to the plane of
manipulation. However, issues relating to stability for out-of-plane target movements have
not been investigated in this work.
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7. Conclusion

We have presented a new paradigm for breast interventions that will allow the clinician to
place the treatment probe at the center of a breast tumor for ablative procedures under real-
time US image feedback and computer control. However, the clinician will have full control
of the treatment probe. The robotic system will control the position of the tumor by careful
manipulation of the breast such that the tumor centroid always remains along the line of
insertion of the probe. Thus, this unique system will ensure that the probe placement is
precise, and as a result, the effect of ablation is optimum.

There are several important benefits that can be derived from this technological innovation.
First, it will enhance the clinical efficacy of cryoablation and RFA by allowing the clinician
to place the probe precisely at the center of the tumor. It will help create an ablative zone
that is expected to encompass the whole tumor with a given margin. As a result, one can
analyze the clinical outcome of such procedures without the contribution of positioning
error. Second, given the variability that exists among clinicians treating breast cancers and
since ablation procedures require the highest level of eye-hand coordination skills, it is
realistic to assume that most patients will not be benefited by this treatment option in its
current form. The proposed robotic system will significantly reduce the eye-hand skill
requirement on the part of the clinician and thereby will allow a majority of physicians to
perform these ablative procedures all over the country. The proposed system will thus help
decentralize breast cancer treatment to a certain extent and potentially reduce the load on
breast cancer centers. Clinicians in community hospitals and private practice, who may not
experience high volume or may not have specialized training, will feel comfortable in
administering ablative procedures because the mechanical accuracy will be guaranteed by
the robotic system. Third, by helping to perform these ablative procedures accurately (in
terms of positioning of the probe) and thus allowing many more clinicians to perform these
procedures, this robotic system is expected to contribute towards cost savings in healthcare,
and improving cosmesis of patients. It has been predicted that by 2010, 50% of newly
diagnosed breast cancers may be less than 1 cm (Cady, 2000). That would represent 90,000
patients for whom a lumpectomy will be necessary, with the associated operating room
time, anesthesia, cost, and cosmetic and psychological impact (Sabel et al., 2004). If even a
fraction of these patients could be helped by this system, the benefits will be substantial and
would be a significant improvement to treatment of breast cancer.
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