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Purpose: In breast-conserving surgery (BCS), the cancer is sometimes incompletely excised, lead-

ing to reduced patient survival. To pursue complete excisions, radioactive seed localization (RSL)

may be used to insert an iodine-125 seed into the tumor. The seed is used as a marker for the loca-

tion of the tumor during surgery. RSL does not, however, show the extent of the tumor. Based on

RSL, we pursue to visualize the seed location together with the extent from diagnostic images.

Methods: A system with two gamma-camera heads and two parallel-hole collimators was recently

proposed to triangulate the location of an iodine-125 seed during BCS. In the present study, this sys-

tem was extended with a range camera to visualize a sphere centered on the seed in relation to the

breast. This sphere contains the entire tumor and thus defines the target volume for BCS. Physical

experiments with acrylic block phantoms (thickness ranging from 3.5 to 6.5 cm) were performed to

assess the absolute bias and the precision with which this sphere can be visualized.

Results: When a 6.5 cm thick phantom was used, along the horizontal plane, the target volume was

visualized with an absolute bias and a precision of 2.1 and 0.8 mm, respectively. Along the vertical

axis (i.e., z-axis), these values were 4.2 and 2.8 mm, respectively.

Conclusions: The proposed system visualizes the target volume with an absolute bias that may be

acceptable for BCS. © 2018 American Association of Physicists in Medicine [https://doi.org/10.1002/

mp.12884]

Key words: breast-conserving surgery, gamma-camera system, intraoperative guidance, radioactive

seed localization, range-camera system

1. INTRODUCTION

Breast-conserving therapy is the treatment of choice for most

patients with early-stage breast cancer.1 Based on evidence of

the last 20 yr,2,3 it is accepted that patients treated with radi-

cal mastectomy and those treated with breast-conserving sur-

gery (BCS) and adjuvant therapy such as radiotherapy and

chemotherapy have comparable survival rates. The percent-

age of incomplete excisions needs to be decreased to increase

the survival of patients with early-stage breast cancer, as

shown for example by Park et al.4 and Singletary et al.5

Methods such as wire-guided localization and radio-

guided occult lesion localization provide guidance for the

excision of nonpalpable breast lesions, for example.6,7 These

methods provide intraoperative information about the loca-

tion of the tumor, but limited or no information about the

extent. The percentage of incomplete excisions may be fur-

ther reduced by visualizing tumor location together with

tumor extent during BCS. Such tumor extent may, for

instance, be derived from preoperative images. Methods to

achieve this prior to the first incision were previously

described by Sakakibara et al.8 and Nakamura et al.9 A limi-

tation of these methods is that they do not take tissue shifts

into account after the first incision.

A method was recently reported to track the location of

a radioactive seed (RS) together with a computer-generated

bounding sphere around the tumor that is superimposed on

the video images during the entire BCS.10 This method

consists of four steps. First, one iodine-125 seed is inserted

in the tumor under mammographic or ultrasonic guidance.

Second, the tumor is visualized in relation to the location

of the RS in preoperative images of the breast. Third, a

sphere that contains the entire tumor is centered on the RS

in the same preoperative images. Fourth, this sphere is

recentered on the intraoperative location of the RS (i.e., the

location of the sphere is established within the operating

room). This sphere thus defines the target volume for exci-

sion. Deviations in localization of the seed of 5 mm or less

are acceptable to pursue negative surgical margins during

BCS.10

Although the tracking mechanism of this system was

recently described, there are no methods, to the best of our

knowledge, to visualize a spherical target volume that is cen-

tered on the RS. Therefore, the aim of this study was to

develop and evaluate such a method. With this in mind, a

new system that has two gamma cameras and one range cam-

era is investigated.

2. MATERIALS AND METHODS

Section 2.A describes the INCISE system (intraopera-

tive navigation for breast cancer using presurgery
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imaging). It introduces a new method to register data

from two gamma-camera heads and one range camera.

Section 2.B describes physical experiments that were

conducted to assess the absolute bias and the precision

with which the target volume centered on the RS can be

visualized.

2.A. Overview of the system

The INCISE system was designed to integrate seam-

lessly into the current workflow of radioactive seed local-

ization (RSL). Prior to surgery, as illustrated in the left part

of Fig. 1, conventional breast imaging is repeated after

RSL to visualize the seed in relation to the boundaries of

the tumor. In these images, a sphere is manually centered

on the RS and a radius of the sphere that encompasses the

entire tumor with a safety margin of surrounding healthy

tissue is established. The INCISE system, as illustrated in

the right part of Fig. 1, is meant to be used during surgery.

This system (Fig. 2) consists of a gamma-camera system

(GCS; Section 2.A.1) and a range-camera system (RCS;

Section 2.A.3). The GCS triangulates the location of the

RS relative to the operating room at a speed of at least one

frame per five seconds (Section 2.A.2). The RCS produces

a video (i.e., a sequence of gray-level images) of the entire

breast with a speed of approximately 30 frames per second.

In addition, infrared imaging is used by the RCS to pro-

duce a cloud of surface points for each video image. This

point cloud is mapped into the coordinate system of the

GCS. For this purpose, a registration procedure with a cali-

bration phantom is used (Section 2.A.4). Once the target

volume and the point cloud are expressed in the same coor-

dinate system, the distance between the surface of the target

volume and the surface of the breast is estimated and visu-

alized (Section 2.A.5).

2.A.1. The gamma-camera system (GCS)

The GCS is used during surgery to monitor the location of

the RS. This system only records projection images of the

RS. These images alone cannot be used to determine the

location of the RS with respect to the breast surface. The

RCS (Section 2.A.3) is invoked for this purpose.

The GCS has two gamma-camera heads (Philips Forte)

and two low-energy, high-resolution (LEHR) collimators

(ADAC Laboratories). Each gamma-camera head has one

52 cm wide, 64 cm long, and 9.5 cm thick thallium-doped

sodium iodide crystal that is coupled to a total of 49 photo-

multiplier tubes. Each collimator has a hole length of

32.8 mm, hole size of 1.4 mm, and septal thickness of

0.152 mm. Two projection images were simultaneously

obtained per acquisition. Each image had a pixel size of

4.7 9 4.7 mm. We used an energy window from 25 to

35 keV to suppress undesired counts. The method to estab-

lish the location of the RS is described in Section 2.A.2.

The coordinates of this location along the x-axis, y-axis,

and z-axis of the GCS are denoted by xG, yG, and zG,

respectively.

FIG. 1. Flowchart outlining the structure of Materials and Methods. The horizontal red line indicates one to one point-to-pixel correspondence between the points

of the point cloud and the pixels of the video image. [Color figure can be viewed at wileyonlinelibrary.com]
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2.A.2. Triangulation of seed location from biplanar

views

A procedure was developed to reconstruct 3D RS loca-

tions from two biplanar views of the GCS. The first purpose

of this procedure is to triangulate the 3D RS location in the

tumor (Fig. 3, as described in detail in Ref. [15]). The second

is to establish the 3D RS locations in the calibration phantom

that contains multiple iodine-125 seeds. This is required for

our calibration procedure, which is described in detail in Sec-

tion 2.A.4.

A Gaussian mixture model and an expectation–maximiza-

tion algorithm were used to allow localization of several 2D

RS locations simultaneously in one projection view. As

described in Appendix A, these algorithms were modified to

make them more robust to scattered counts and background

counts. As indicated in Fig. 3, all 2D RS locations in the pro-

jection views were transformed to the corresponding 3D loca-

tions on the corresponding image planes (IPs):

x1k; y
1
k; z

1
k

� �T
¼ R01 u1k; v

1
k; 0

� �T
(1)

x2k; y
2
k; z

2
k

� �T
¼ R02 u2k; v

2
k; 0

� �T
(2)

where fk 2 N; 1� k� 4g, u1k; v
1
k

� �

denotes the kth 2D RS

location estimated from the first GCS-detected projection

image, u2k; v
2
k

� �

denotes the kth 2D RS location estimated

from the second GCS-detected projection image, R01 denotes

the first image-to-world coordinate system transformation,

and R02 denotes the second image-to-world coordinate sys-

tem transformation. A well-known method for triangulation

that finds a midpoint of a common perpendicular was used to

establish the actual 3D RS locations from the corresponding

3D IP locations.11

2.A.3. The range-camera system (RCS)

We used an SR4500 (MESA Imaging) range camera,

which has dimensions of 119 9 75 9 69 mm, detection

range from 0 to 9 m, and frame rates from 10 to 30 frames

per second. The SR4500 records two images per acquisition:

one video image I and one range image. To record the range

image, this system generates and at the same time detects a

modulated infrared signal that covers the entire breast. Based

on the time delay (i.e., phase difference) between the gener-

ated signal and the detected signal, SR4500 calculates the

distance to the surface of the breast. Comprehensive descrip-

tion related to this measurement approach is outside the

scope of this paper, but can be found in Ref. [12]. The camera

transforms each range image into a set of surface images,

denoted by XR, YR, and ZR. They contain surface points

along the x-axis, y-axis, and z-axis (i.e., vertical axis) of the

RCS, respectively. The transformation of XR, YR, and ZR to

surface images XG, YG, and ZG that contain surface points

within the coordinate system of the GCS is described in Sec-

tion 2.A.4.

2.A.4. Registration between range-camera system

and gamma-camera system

Owing to the unknown positions and orientations of the

RCS and the GCS, an empirical approach needs to be used to

estimate a rigid transformation that maps surface points in

the coordinate systems of the RCS to the corresponding

points in the coordinate system of the GCS. A registration

phantom was developed for this purpose. This phantom has

reference points that can be detected by the GCS and by the

RCS (Fig. 4). Iodine-125 seeds (with activity 5.18 MBq)

were used to label these points. The details of the approach to

estimate the rigid transformation are described below.

The phantom was recorded by each imaging system at 10

different positions along the vertical axis (i.e., z-axis) of the

FIG. 3. Triangulation of a radioactive seed (RS) from biplanar views. To

visualize the target volume, the 3D RS location was triangulated. The same

procedure was used to establish the 3D RS locations in the calibration phan-

tom that contains multiple iodine-125 seeds. The RS locations in the projec-

tion views are depicted in blue. Their corresponding 3D locations on the

image planes are depicted in red. The actual 3D RS location is indicated by

the yellow radiation symbol. [Color figure can be viewed at wileyonlineli-

brary.com]

FIG. 2. The INCISE system. The target volume to be visualized is depicted

in red and black (positioned within the patient). An overlay of a video image

from the range-camera system (RCS) and the target volume is indicated with

the black arrow. The location of the seed is indicated by the yellow radiation

symbol within the target volume. The coordinate systems of the RCS and the

gamma-camera system (GCS) are depicted in red (upper one) and blue (lower

one), respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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GCS. An imaging time of 60 s was used at each position of

the phantom to record projection images. These images had a

matrix of 128 9 128 and they were used to estimate the 3D

RS locations by triangulation, as described in Section 2.A.2.

These locations are denoted by x
ij
G; y

ij
G; z

ij
G

� �

, where i indi-

cates an integer between 1 and 10 that reflects imaging posi-

tion and j indicates an integer between 1 and 4 that labels the

corresponding RS. An integration time of 3.3 ms was used to

record one video image and one range image at each position

of the phantom. Each RCS-detected image had a matrix of

176 9 144. The 2D RS locations ðuij; vijÞ were estimated

from the corresponding video images. OpenCV library func-

tions for the detection of chessboard corners were used for

this purpose.13 The RCS-detected locations of the RS in 3D

were estimated by:

x
ij
R ¼ Interp uij; vij;X

i
R

� �

(3)

y
ij
R ¼ Interp uij; vij;Y

i
R

� �

(4)

z
ij
R ¼ Interp uij; vij;Z

i
R

� �

(5)

where x
ij
R; y

ij
R; z

ij
R

� �

denotes the RCS-detected location of

the RS in 3D and Interpðu; v; FÞ denotes the linear interpo-

lated value of the surface image F at the location ðu; vÞ. In
simple words, RCS-detected images were interpolated at

the corresponding 2D RS locations to establish the corre-

sponding 3D RS locations. The rigid transformation (i.e.,

RT) that maps surface points from the coordinate system of

the RCS to the coordinate system of the GCS was

estimated from 40 3D RS locations established by the RCS

and 40 3D RS locations established by the GCS. The fol-

lowing system of linear equations was solved to estimate

this rigid transformation RT:
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Finally, the following expression was used to transform

surface points from the coordinate system of the RCS to the

coordinate system of the GCS (this is required to estimate

distance between the target volume that is defined within the

coordinate system of the GCS and the surface of the breast

that is detected by the RCS):

½XRðu; vÞ;YRðu; vÞ;ZRðu; vÞ�RT

¼ ½XGðu; vÞ;YGðu; vÞ;ZGðu; vÞ�
(7)

2.A.5. Video overlay

Figure 5 illustrates how a video overlay C is established

from a video image I and a distance map D. Here, D reflects

the distance between the surface of the breast and the top sur-

face of the target volume along the z-axis of the GCS:

FIG. 4. Registration phantom (left) and 10 imaging positions (right). The

coordinate systems of the range-camera system (RCS) and the gamma-cam-

era system (GCS) are depicted in red (lower one) and blue (upper one),

respectively. These coordinate systems are also depicted in Fig. 2. Each blue

marker denotes the location of one iodine-125 seed. The GCS-detected

images were processed to establish these locations. Each red marker denotes

the location of one pattern intersection. The RCS-detected images were pro-

cessed to establish these locations. [Color figure can be viewed at wileyonli-

nelibrary.com]

FIG. 5. Visualization of the target volume. A distance map D was combined

with a video image I to produce a video overlay C that shows the target vol-

ume. A color scale was used for quick distance interpretation. [Color figure

can be viewed at wileyonlinelibrary.com]

Dðu; vÞ ¼ ZGðu; vÞ �max zG �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2 � ðXGðu; vÞ � xGÞ
2 � ðYGðu; vÞ � yGÞ

2
q

� �

ð8Þ
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where (u, v) denotes image coordinates and r denotes the pre-

defined radius of the target volume. The part of Eq. (8) within

the max function is used in this study to calculate the surface

coordinates of the target volume along the z-axis of the GCS

(these coordinates are derived from the sphere equation). At

locations where the square root is not a real number, no over-

lay is shown. A look-up-table was used to assign colors to dis-

tances, ranging from red (0 cm) to green (more than 2 cm).

2.B. Physical experiments

Physical experiments were conducted to assess the absolute

bias and the precision of INCISE. Block phantoms of varying

thickness were used (Section 2.B.1), each with one iodine-125

seed with activity of 5.18 MBq. INCISE was used to image

these phantoms (Section 2.B.2). The resulting images were

processed (Section 2.B.3) to extract the 2D RS locations from

which the statistics were generated (Section 2.B.4).

2.B.1. Block phantoms

Each block phantom consisted of a stack of acrylic-based

attenuation plates, one of which contained a central pocket

with a diameter of 1 mm in which the seed was placed

(Fig. 6). The plates have length of 15 cm, width of 12 cm,

and thickness of 0.5 cm. Phantom thickness ranged from

3.5 cm to 6.5 cm.

Each phantom was covered with a sheet of white paper.

On each sheet, a gray disk was printed with a radius of

2.5 cm. These disks were used for the qualitative assessment

of the visualization.

2.B.2. Image acquisition

Figure 7 illustrates the recording setup. The GCS was

positioned at a radial distance of 0.4 m. The block phantoms

were positioned at a phantom-to-RCS distance of 0.5 m. An

imaging time between 1 and 5 s was used to record GCS-

detected images (using a matrix of 128 9 128 pixels). The

RCS-detected images were obtained with an integration time

of 3.3 ms (using a matrix of 176 9 144 pixels).

2.B.3. Image processing

RCS-detected and GCS-detected images were processed to

extract 2D RS locations. The following system of two nonlinear

equations was solved to establish the 2D RS location (ua, va):

x ¼ Interpðua; va;XGÞ (9)

y ¼ Interpðua; va;YGÞ (10)

where (x, y, z) denotes the 3D location of the RS. This loca-

tion, which is depicted in the left part of Fig. 8, represents the

measured center of the target volume within the image coordi-

nate system of the RCS. There are two problems that need to

be solved to proceed to the next section. First, our 2D RS

FIG. 6. Each block phantom consists of stacked acrylic-based attenuation plates. One plate (depicted in green) contains a central pocket with an iodine-125 seed

(yellow cross). [Color figure can be viewed at wileyonlinelibrary.com]

FIG. 7. Image acquisition setup. The range-camera system (RCS) and the

gamma-camera system (GCS) were positioned at angles of 90° with respect

to the ground plane and 45° with respect to the vertical axis of the RCS,

respectively. A radioactive seed (RS) within a block phantom is indicated by

the yellow radiation symbol. [Color figure can be viewed at wileyonlineli-

brary.com]

FIG. 8. Video image (left) of the block phantom and the simulated image

(right) of the same phantom (both images are illustrations). The corners of

the block phantom are depicted with circular markers. Matched corners are

depicted with the same color. The 2D locations of the radioactive seed within

the simulated coordinate system and the coordinate systems of the range-

camera system are denoted by ðub; vbÞ and ðua; vaÞ, respectively. Finally, the

absolute bias along the horizontal plane is indicated by the red line. [Color

figure can be viewed at wileyonlinelibrary.com]
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location is expressed within the image coordinate system of

the RCS. Second, image of the block phantom that is associ-

ated with this coordinate system is affected by a projective dis-

tortion. To solve these problems, we have transformed the 2D

RS location to a new 2D RS location (ub, vb) within a new

coordinate system that contains the simulated image of our

block phantom (this location is depicted in the right part of

Fig. 8):

ðub; vbÞ ¼ TFðua; va; PTÞ (11)

where TF(u, v, PT) denotes the transformation function that

exploits the projective transformation PT to transform the 2D

RS location (u, v) from the image coordinate system of the

RCS to the coordinate system that contains the simulated

image of the block phantom.

The procedure that is described below was used for esti-

mation of PT. First, each corner of the surface of the block

phantom was manually denoted within the video image that

was detected by the RCS (left part of Fig. 8). These corners

were then matched to the corresponding corners of the simu-

lated block phantom (right part of Fig. 8). Finally, PT was

estimated from the coordinates of the matched corners.

Figure 8 illustrates that (ub, vb) allows us to calculate the

absolute bias along the horizontal plane of the proposed sys-

tem (this bias is indicated by the red line), while (ua, va) does

not.

2.B.4. Absolute bias and precision

The vertical distance between the seed and the surface of

the block phantom, as determined by the INCISE system,

was compared with the known distance d using absolute bias

aa (expressed as mean value) and precision pa (expressed as

standard deviation):

aa ¼
1

N

X

N

k¼1

dka (12)

ðpaÞ
2 ¼

1

N

X

N

k¼1

dka � aa
� �2

(13)

dka ¼ d� zk � Zk
G uka ; v

k
a

� �
	

	

	

	

	

	

	

	 (14)

where N (10) denotes the number of measurements from

which aa and pa were estimated. The absolute bias ab and the

precision pb were used to assess the performance with which

the target volume was visualized along the horizontal plane

of the proposed system:

ab ¼
1

N

X

N

k¼1

dkb (15)

ðpbÞ
2 ¼

1

N

X

N

k¼1

dkb � ab
� �2

(16)

dkb
� �2

¼ ukb
� �2

þ vkb
� �2

(17)

3. RESULTS

The absolute bias and the precision along the vertical axis

of the INCISE system are given in Table I. The absolute bias

was within 4.5 mm for a 6.5 cm thick block phantom,

imaged for 5 s at a constant phantom-to-RCS distance of

50 cm.

Along the horizontal plane, the corresponding statistics

are given in Table II. The absolute bias was within 2.5 mm

for a 6.5 cm thick block phantom imaged for 5 s at phantom-

to-RCS distance of 50 cm.

Figure 9 illustrates the output of the video overlay (Sec-

tion 2.A.5) in the block phantom experiments at 50 cm dis-

tance.

4. DISCUSSION

A system for computer-assisted resection of nonpalpable

breast lesions (INCISE) was proposed to visualize a “bracket-

ing” sphere centered at the seed in the operating room. This

sphere contains the entire tumor (preoperative images are

used to define its radius). Physical experiments with block

phantoms were performed to assess the absolute bias and the

precision of INCISE. These values were 2.1 and 0.8 mm,

respectively, along the horizontal plane, and 4.2 and 2.8 mm,

respectively, along the vertical axis.

INCISE was designed for use prior to surgery (e.g., to

help surgeon to determine the location for the first incision)

as well as during surgery. We demonstrated that color-coded

TABLE I. The absolute bias (mm) � precision (mm) along the vertical axis

of the INCISE system at 50 cm distance between block phantom (BP) and

range-camera system.

Seed to BP

surface

distance

(cm)

Imaging time (s)

1 2 3 4 5

1.5 3.1 � 2.0 3.8 � 2.1 3.0 � 2.1 2.9 � 2.2 3.0 � 2.5

2.5 2.9 � 2.9 3.7 � 2.6 3.2 � 2.3 3.5 � 2.9 4.0 � 3.0

3.5 4.7 � 2.7 5.8 � 3.3 6.0 � 3.5 5.3 � 2.7 4.0 � 3.2

4.5 5.2 � 3.9 4.1 � 4.3 3.3 � 1.9 3.4 � 2.6 4.2 � 2.8

TABLE II. The absolute bias (mm) � precision (mm) along the horizontal

plane of the INCISE system at 50 cm distance between block phantom (BP)

and range-camera system.

Seed to BP

surface

distance

(cm)

Imaging time (s)

1 2 3 4 5

1.5 1.1 � 0.5 0.8 � 0.4 0.7 � 0.4 0.6 � 0.4 0.6 � 0.3

2.5 3.1 � 0.9 2.7 � 0.7 2.6 � 0.6 2.7 � 0.6 1.7 � 0.6

3.5 2.4 � 1.4 1.5 � 0.7 1.4 � 0.7 1.0 � 0.6 1.8 � 0.7

4.5 3.0 � 1.5 2.1 � 1.1 1.7 � 1.1 1.8 � 0.9 2.1 � 0.8
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maps of distance between the top surface of the target volume

and the surface of the breast can be obtained with a frame-

rate of approximately 5 s or less. Thus, intraoperative images

can be acquired after the initial incision and the distance over-

lay can be continuously updated. Accordingly, the RCS is

able to track deformations of the surface during surgery.

Park et al.4 and Singletary et al.5 demonstrated that local

control and cosmetic outcome of BCS can be improved if

negative margins are achieved at the primary excision of the

tumor. Surgical margins are defined as negative if tumor cells

are not present at the cut edge of the excised specimen. For

example, Houssami et al. wrote that the minimum margin

width for breast cancer types such as ductal carcinoma in situ

can vary substantially from 1 to 10 mm and sometimes even

more.14 In the present study, we have demonstrated that the

target volume can be visualized with an absolute bias of

5 mm or less. These results are promising because surgical

safety margins can be larger than 5 mm.

Our results indicate that the absolute bias and the preci-

sion along the horizontal plane are superior to those along

the vertical axis. The geometry-dependent attenuation of the

signal from the RS, as described in Ref. [15], within each

block phantom is probably the main cause of this anisotropy.

In short, the geometry-depended attenuation is smaller for the

photons that are detected closer to the vertical axis of the

GCS than for those that are detected further off-axis (these

photons travel along the lines between the seed and the RCS-

detected surface of the BP). This difference in the attenuation

increased the asymmetry of the observed image-count distri-

butions, which in turn were used to estimate the 3D RS

locations. It is likely that the symmetry of these distributions

will be increased if anthropomorphic breast phantoms are

used. These phantoms were, however, not used in the present

study to enable quantitative and reproducible assessment of

the absolute bias and the precision.

The GCS was a clinical single photon emission computed

tomography (SPECT) system. A radial distance of 0.4 m was

used to record the signal from the seed. This is the maximum

distance allowed by the SPECT system. The impact of differ-

ent collimator-source distances on the localization absolute

bias of INCISE was recently investigated.10 Absolute biases

of 3.4 and 3.7 mm were observed for collimator-source dis-

tances of 0.5 and 1 m, respectively. These results were

obtained with a 6.5 cm thick block phantom recorded for 5 s.

Consequently, we hypothesize that the absolute bias with

which the target volume can be visualized will not change

much if the GCS is positioned at a radial distance larger than

0.4 m. Furthermore, this study also addressed problems such

as inherent deficiencies of the GCS (e.g., imaging noise),

low-energy photon attenuation, and scatter in the breast, par-

tial volume effect of the small RS. The results from the study

show that the combined influence of these drawbacks is not

large enough to hamper the application of the GCS. This was

additionally confirmed by Ref. [15], where it is demonstrated

that collimators with high resolution at large distance cannot

be used to significantly improve the performance of the GCS

due to the tradeoff between their resolution and sensitivity.

The MESA time-of-flight camera has several limitations

that may cause systematic deviations in their output distance

maps.16 Calibration methods were developed to compensate

for the influence of some of these errors.17,18 One approach is

to average the distance information over time. Like Linder

et al., we suggest averaging raw images over time rather than

averaging estimated distance information.19 To reduce nonlin-

ear deviations, nonrigid transformations may be employed to

map surface points from the coordinate system of the RCS to

that of the GCS. These methods are subject of future

research.

The freehand SPECT system in Ref. [20] is designed to

visualize tomographic images in relation to the patient. To

the best of our knowledge, there are only two studies in which

this system was used for BCS.21,22 Bluemel et al. reported

positive margins in 19% of patients with tumors that were

marked with deposits of technetium-99m-nanocolloid. Pouw

et al. used freehand SPECT to localize lesions that were

marked with iodine-125 seeds, but they did not report the per-

centage of positive margins. The most important advantage

of freehand SPECT is that it visualizes tomographic images

in relation to the patient in the operating room. The most

important disadvantage is that it takes between 1 and 3 min

to record these images.23–25

An alternative approach to the GCS described here, is to

use a nonradiographic marker that can be localized, for

instance, by an x-ray system. A disadvantage is, however, that

real-time tracking of the marker under continuous x-ray

imaging would increase the dose to the patient. Moreover,

while RSL is a standard of care in many breast cancer clinics,

FIG. 9. Target volume visualization. This volume had a radius of 2.5 cm.

Distance map images are illustrated in the first column, video images in the

second column, and color images in the third column. [Color figure can be

viewed at wileyonlinelibrary.com]
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stereotactic x-ray imaging during breast cancer surgery would

imply a major change in existing workflow. Another alterna-

tive is to use isotopes as markers that emit photons with

higher energy than iodine-125. For example, technetium-99m

emits photons with energy of 140 keV. This isotope has,

however, a half-life of approximately 6 h, which is 238 times

shorter than that of iodine-125. Consequently, technetium-

99m cannot be injected several days before surgery, which is

not the case with iodine-125 seeds. Moreover, seeds contain-

ing other isotopes than iodine-125 are not readily available,

and would require changes in clinical workflow as well as

changes in safety protocols.

Near-infrared agents such as methylene blue and indocya-

nine green have been used in combination with near-infrared

imaging systems such as Mini-FLARE to visualize tumors

during BCS. Tummers et al. reported that up to 83% of breast

lesions were detected by Mini-FLARE after BCS (these

lesions were stained with methylene blue).26 Near-infrared

agents such as indocyanine green were found to allow detec-

tion at depths up to 21 mm from the surface of the breast.27

Consequently, alternative methods such as those that exploit

iodine-125 seeds need to be used to localize lesion that are

further away from the surface of the breast.

This study has two novelties. First, INCISE is the first sys-

tem to visualize a bracketing sphere around the seed by tak-

ing extent of the tumor into account from the same diagnostic

images that are used to plan the surgery. Second, a new

method to register a GCS and a RCS was presented.

Planning of breast-conserving surgery is a multidisci-

plinary effort, involving not only surgeons but also radiolo-

gists (for interpretation of images) and pathologists (for

interpretation of biopsies and disease spread). Prior to sur-

gery, consensus has already been reached between these

disciplines about which areas should be considered cancer

and removed. If the region exceeds 3 cm in diameter, BCS

may not even be possible. Decades of imaging-pathology

studies around mammography, ultrasound, and MRI have

provided well-documented information of the accuracy to

depict tumor extent.28,29 Nonetheless, other studies have

shown poor correlation between the size of the excision

specimen and the size of the tumor, as well as typical

asymmetric placement of the tumor in the excision speci-

mens.30,31 Hence, even if tumor extent has been properly

defined beforehand, symmetric excision of this region

remains challenging, sometimes causing too much breast

tissue to be removed on one side, while safety margins are

compromised on the other side. INCISE aims to transfer

the consensus on areas that need to be removed directly to

the operating theater. This approach has, however, also

some disadvantages. First, the tumor may have an irregular

shape while the target volume is always spherical. Under

these conditions, more tissue may be excised than required.

However, asymmetric excisions without guidance also cause

surplus of normal tissue to be removed. Because cancers in

BCS are typically small (less than 3 cm in diameter), it

remains to be investigated whether irregularity of such

tumors will lead to larger or perhaps even smaller excision

volumes than currently achieved. Second, the tumor may

deform during surgery. The radius of the target volume

should take such uncertainty into consideration. Because

diagnostic breast images already contain clues about the

deformability of the tumor (mammography is performed

under heavy compression, ultrasound under variable com-

pression and MRI without compression), future work could

focus on biomechanical models to adjust the radius of the

spherical target when required. However, we would like to

point out that this problem exists in clinical practice inde-

pendently of INCISE. Third, the diagnostic images may not

always accurately reflect the extent of the tumor. This is a

problem that transcends INCISE. It also exists in current

clinical practice. It is, however, well documented which

subgroups of tumors are associated most likely with this

issue, e.g., lobular cancers.

This study has several limitations. First, we were unable

to test INCISE under conditions that closely mimic those in

the operating theater. A clinical dual-head SPECT system

was used to estimate the absolute bias and the precision.

Ultimately, portable gamma-camera heads may be used to

ensure that the surgeon has free access to the patient.

Because portable gamma cameras have similar intrinsic res-

olution as clinical gamma cameras, the results are expected

to be comparable. The second limitation is that the block

phantoms do not mimic typical clinical situations. For

example, they do not mimic breathing that can have an

impact on INCISE. This is, however, not expected to have

considerable effect, because patients under general anesthe-

sia typically have shallow breathing pattern. On the other

hand, home-made phantoms such as anthropomorphic

phantoms that mimic all clinical situations would render it

more difficult to reproduce the results of this study. The

third limitation is that INCISE was not investigated under

actual clinical conditions. For example, it was assumed that

the RS is positioned close to the center of the tumor. If

not, the corresponding target volume will need to be made

larger to account for this displacement. Although these first

experiments show promising feasibility of the approach, fur-

ther investigation in patients is required.

5. CONCLUSIONS

A system for computer-assisted resection of nonpalpable

breast lesions (INCISE) was proposed to visualize a target

volume centered on the location of an iodine-125 seed. Physi-

cal experiments with block phantoms were conducted to

assess the absolute bias and the precision with which this vol-

ume can be visualized. Our results show that INCISE is tech-

nically feasible. A follow-up clinical study should be

conducted to assess the clinical feasibility.
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APPENDIX A

A method that was used to extract one or more 2D RS

locations from each projection image is described in this

appendix. To account for background counts, we assumed

that image counts xi = (ui, vi) arranged in a vector

X = {x1, x2, . . ., xN} arise from a random vector with the

following probability density function:

PðxijHÞ ¼ p0cþ
X

K

k¼1

pkpkðxijlk;RkÞ (18)

H ¼ h1; h2; . . .; hKf g (19)

where pkðxijlk;RkÞ is the 2D Gaussian mixture component,

hk ¼ ðpk; lk;RkÞ is the mixture parameter vector, pk is the

mixture proportion, lk is the mixture mean, Σk is the mixture

covariance matrix, K is the number of mixture components

(i.e., the number of iodine-125 seeds), and c is the back-

ground suppression constant. This constant had an empiri-

cally determined value of 6.1E-5. The expectation–

maximization (EM) algorithm was modified to find the esti-

mates of the probability density function parameters. During

the first step, we found a probability pik that image count xi
belongs to the 2D Gaussian mixture component pk(xi|lk, Σk)

and probability pi0 that image count xi belongs to the back-

ground:

pik ¼
pkpkðxijlk;RkÞ

p0 þ
PK

j¼1 pjpjðxijlj;RjÞ
(20)

pi0 ¼
C

p0 þ
PK

j¼1 pjpjðxijlj;RjÞ
(21)

During the second step, we found the estimates of the

probability density function parameters:

pk ¼
1

N

X

N

i¼1

pik (22)

p0 ¼ 1�
X

K

k¼1

pk (23)

lk ¼

PN
i¼1 pikxi

PN
i¼1 pik

(24)

Rk ¼

PN
i¼1 pik xi � lkð Þ xi � lkð ÞT

PN
i¼1 pik

(25)

These two steps of the modified EM algorithm were

repeated 100 times to estimate one or more 2D RS locations

(i.e., lk was used in this study as the kth 2D RS location).
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