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Abstract: A navigation method is proposed to enable the fusion of magnetic resonance imaging (MRI)
and transrectal ultrasound (TRUS) for targeted prostate biopsy. This method directly establishes the

transfor-mation between the preoperative MR image and the intraoperative TRUS based on the selected
coplanar MRI and TRUS images without the use of 3D TRUS. According to the real-time spatial pose

of the intrao-perative TRUS, the resliced preoperative MRI image is computed and displayed along with

the preoperative planning 3D model, and the planned lesion region is mapped to TRUS to guide the

needle in-sertion. In the phantom experiment, the average error between the planned target point and the
actual puncture position was calculated to be (1.98+0.28) mm. The experimental results show that this

method can achieve high targeting accuracy and has potential value in clinical applications.
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0 Introduction

Transrectal ultrasound (TRUS) -guided
prostate biopsy is still the gold standard for
clinical diagnosis of prostate cancer. However,
due to low TRUS spatial resolution and poor
imaging contrast, prostate cancer lesions are
often difficult to identify or even invisible.
Therefore, the prostate is usually divided into
multiple areas of equal volume for 10~12 needle
systematic biopsy [3l. Nevertheless, clinicians
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are still likely to miss the target lesion, resulting
in repeated puncture, which will bring additional
pain and cost to patients. On the other hand,
magnetic resonance imaging (MRI) has become
an important diagnostic technique for prostate
cancer 131, Compared with trus, MRI has higher
spatial resolution and provides a variety of
imaging contrast, which can greatly help
clinicians detect target lesions and further judge
their malignancy. However, the MRI imaging
speed is too slow. More importantly, all biopsy
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equipment must be compatible with the high
field environment, which  limits the
popularization and application of MRI guided
prostate biopsy.

In order to combine the advantages of MRI
and trus, the fusion of preoperative MRI and
intraoperative  TRUS is the most common
method for prostate targeted puncture. This
research is mainly divided into MRI-TRUS
registration method “71 and targeted puncture
system construction 11, The gray difference
between TRUS and MRI images and the
deformation of prostate due to the compression
of probe have always been the key and difficult
points in the research of prostate MRI-TRUS
registration method. Many scholars €1 have
integrated shape statistical model,
biomechanical model and finite element
analysis into traditional registration methods to
achieve high-precision 3D trus-mri elastic
registration, but the calculation process is
complex and time-consuming. In recent years,
Hu et al. [l proposed an mri-3d TRUS
registration method based on weak supervised
in-depth learning. Fast and accurate elastic
registration can be achieved based on weak
labeling of prostate segmentation areas in MRI
and 3D TRUS. However, both the traditional
registration method and the registration method
based on deep learning need to accurately
segment the prostate region in TRUS and MRI.
Especially for the prostate segmentation of
TRUS, the noise and artifacts in TRUS will
greatly affect the accuracy and stability of
segmentation results, and then affect the
practical application effect of these registration
methods. Another kind of research mainly
focuses on the construction method of targeted
puncture system. Although this kind of research
adopts a relatively simple registration method, it
also achieves better targeted puncture accuracy

and has more clinical application value. As early
as 2008, Xu et al. B proposed a targeted
puncture  guidance system based on
electromagnetic positioning, which established
the conversion relationship between
preoperative  MRI and real-time two-
dimensional ultrasound in the book by manually
scanning the three-dimensional reconstruction
image of two-dimensional ultrasound through
free arm three-dimensional ultrasound. However,
manually scanning two-dimensional ultrasound
is easy to affect the accuracy of three-
dimensional reconstruction, thus affecting the
fusion accuracy of ultrasound and magnetic
resonance images. For this reason, many
scholars [ directly selected the three-
dimensional ultrasonic probe to replace the free
arm three-dimensional ultrasound, and achieved
better puncture accuracy. However, these
methods all use three-dimensional ultrasound as
an intermediary to establish the relationship
between preoperative MRI and intraoperative
2D TRUS. At present, three-dimensional
ultrasound probes are only equipped in a few
high-end models and have not been widely used.
Therefore, this study will directly establish the
spatial relationship between preoperative MRI
and intraoperative 2D TRUS to achieve targeted
prostate puncture guidance.

In this study, the electromagnetic
positioning technology is used to obtain the
spatial pose of 2D TRUS. Without using 3D
TRUS data, the selected MRI level is rigidly
registered with 2D TRUS based on mutual
information measure, and then the spatial
conversion relationship between preoperative
MRI images and intraoperative 2D TRUS
images is established. According to the real-time
spatial pose of TRUS during the operation, the
preoperative MRI re section was made. By
observing the relative position relationship
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between the re section image and the
preoperative planning 3D visualization model,
and mapping the preoperative planning focus
area into trus, the puncture and needle insertion
were guided to achieve accurate prostate
targeted puncture guidance. In this study, a
biplane intracavitary ultrasound probe was used
to realize the whole targeted puncture guidance
process for transperineal puncture, and the
prostate phantom was used for experimental
verification.

1 Method

This method directly establishes the
conversion relationship between intraoperative
2D TRUS and preoperative MRI images,

m=T, T, .T.U, where u=[x,v,,01]

and m=[x,,ynz,,1] are the coordinate
points under TRUS coordinate system and MRI

coordinate system respectively, T,_, is the

transformation matrix from TRUS coordinate
system to magnetic positioning  sensor
coordinate system, which is calculated by

ultrasonic probe calibration method, and T,

is the transformation matrix from magnetic
positioning sensor coordinate system to
magnetic positioning spatial coordinate system,
Directly obtained from the degree of magnetic

positioning sensor, T,_, is the transformation

matrix from magnetic positioning spatial
coordinate system to MRI image spatial
coordinate system, which is calculated by the
semi-automatic image registration method
proposed in this paper. This method does not
need to establish the conversion relationship
between 2D TRUS and MRI through 3D TRUS,

but directly establishes the conversion
relationship between 2D TRUS and 3D MRI
image space by selecting the same plane TRUS
and MRI level for two-dimensional registration
in a semi-automatic manner. During puncture
guidance, the target area determined by
preoperative MRI is mapped into trus, and the
preoperative  MRI image is re sectioned
according to the real-time spatial position of
TRUS. The ultrasonic imaging position is
determined by observing the position
relationship between the three-dimensional
model of prostate and the real-time re sectioned
MRI image, and the appropriate puncture path is
selected in the special puncture fixture
according to the distance between the focus and
the ultrasonic probe to realize the guidance of
prostate targeted puncture.

Figure 1 Prostate gland, focus, urethral segmentation
area and three-dimensional model of prostate phantom

1.1 Preoperative planning

Firstly, the prostate, urethra and focus area
are segmented according to the preoperative
MRI image. The prostate area is automatically
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segmented using the pre trained vnet!??
convolution neural network, and the urethra and

focus area are manually delineated layer by layer.

For patient images, the focus area needs to be
comprehensively determined in combination
with T2W and DWI high b-value images. At this
time, the focus needs to be outlined under the
joint display of T2W and DWI. Finally, we
generate a three-dimensional model of the
prostate, urethra and lesion area according to the
segmentation results, which can help doctors
observe the location of the lesion in the three-
dimensional space of the prostate.

1.2 Ultrasonic calibration

In order to determine the position and
attitude of TRUS image in three-dimensional
space, we fix the magnetic positioning sensor on
the ultrasonic probe through the probe clamp
[Figure 2 (a)] and indirectly obtain the position
of the ultrasonic image with the help of the
magnetic positioning sensor. Therefore, it is
necessary to calibrate the transformation matrix

T,_, I from the ultrasonic image coordinate

—

system to the magnetic positioning receiver
coordinate system. According to the n-like line
calibration principle, we designed the special
calibration simulator shown in Figure 2 (b), and
its wiring mode between two parallel plates is
shown as the black solid line in Figure 2 (c).
Several positioning holes are designed on the
top of the simulation. The coordinates of the
positioning holes in the magnetic positioning
transmitter coordinate system can be obtained
by using the magnetic positioning probe pen,
and then the magnetic positioning space
coordinates of all the line holes (such as W, and
W2) can be deduced according to the mechanical
design parameters, and then the magnetic
positioning space coordinates of the virtual n-

line vertex (such as W¢ and W§) can be

deduced. When the ultrasonic probe is used to
scan the phantom, the intersection of the
ultrasonic imaging plane and the phantom line
will form a grid point image, and each line of
grid points corresponds to the intersection of the
image plane and a layer of n-line structure. For
every three adjacent image points along the line
(such as Ui, Uz and Us), set the magnetic
positioning spatial coordinate of the intersection
point corresponding to U, as W, and obtain W
according to the properties

WM /WWeE=UU, /UU, of similar triangles.
According to this, the point set u of several
intersection points in TRUS image coordinate
system and the corresponding point set in
magnetic positioning space coordinate system w

can be obtained. According to w=T,_ T, u,

the point set T,_, is obtained from the data of

—S

magnetic positioning sensor, and finally T,_,

is obtained by singular value decomposition
method 4],
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Figure 2 Schematic diagram of probe fixture,

calibration phantom and calibration principle

(a) Probe clamp; (b) Calibration phantom; (c)
Schematic diagram of calibration principle

1.3 Transformation relationship between
magnetic positioning space and MRI image
space coordinates

In order to solve the transformation matrix
T,._, from magnetic positioning space to MRI

image space, it is necessary to obtain the feature
point set of the corresponding positions in the
two spaces. Therefore, we propose a registration
method based on selecting coplanar MRI and
TRUS image pairs. First, determine the target
level of the preoperative MRI image, use the
transverse screen mode of the ultrasonic probe
for scanning, move the ultrasonic probe until
TRUS displays the same anatomical structure as
the selected MRI level, and record the TRUS
image at this time and the magnetic positioning
sensor data at this time. Secondly, two-
dimensional rigid registration is performed for
the selected MRI and TRUS image pairs:

normalized mutual information [*] is used as the
registration measure, based on f(A B)=(H(
A)+H(B))/H(AB), where H (A) and H (B)
are the entropy of images A and B to be
registered, H (A, B) is the joint entropy, and the
gray level for calculating mutual information is
set as 32; Preprocess the selected MRI and
TRUS before registration, set the pixels of the
non prostate region of the selected MRI image
to zero according to the pre-operative MRI
prostate segmentation region, intercept the
image region in the TRUS image, and remove
other display annotation information; the Powell
optimization method is used. The step size is set
to 2, the maximum number of iterations is set to
100, the error is set to 0.0001, and the penalty
coefficients for the angle and translation of the
transformation matrix are set to 1000 and 1. The
angle parameters obtained from the placement
solution are too large; in this way, the
registration matrix T2D from TRUS to the
selected MRI image level can be obtained.
Finally, n two-dimensional coordinate points are
randomly generated in TRUS image space to
obtain the point set U', and the point set M' is
obtained by T2D transformation to the selected
MRI level image space. Convert the point sets
u'and M" into 3D space to obtain the point sets U
"and M", where the coordinate value of the third
dimension of the U "point set is 0, and the
coordinate value of the third dimension of the
M™ point set is the coordinate of the selected
MRI layer in the direction of the entire 3D MRI
image space layer. According to

me=T _ T, T._,ut T, . isobtained from
the recorded magnetic positioning sensor data,
and T,_, is obtained from the calibration
process of ultrasonic probe, the conversion
matrix T._, from magnetic positioning space
to MRI image space can be obtained.

Figure 3 MRI images, TRUS images and registration
results
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1.4 Puncture guidance

When the real-time guidance is enabled,
switch the ultrasonic probe to the sagittal
scanning mode. At any time, convert the current
TRUS imaging plane to MRI image space

m=T_ T T _u and

m—=w " W—s " S—u 1

according to

calculate the MRI re section image
corresponding to the current TRUS. Similarly,
the focus segmentation area of MRI image is re
sectioned, and the focus area is displayed on the
MRI re sectioned image. At the same time, the
focus area is inversely converted to the TRUS
image space, and displayed in the TRUS image,
indicating the presence and location of the focus
area in the current TRUS image. In addition, in
order to show the relative position relationship
between the current TRUS image plane and the
three-dimensional model planned before
operation, the re cut MRI image is displayed in
the three-dimensional view, which can guide the
user to move the ultrasonic probe more
efficiently and make the focus area intersect
with the TRUS image screen. When the focus
area appears in the TRUS image, adjust the
position of the puncture frame according to the
distance between the focus and the ultrasonic
probe, and puncture the needle. As the puncture
needle moves in the TRUS image screen, the
puncture process is completed when it is
observed that the puncture needle reaches the
focus area.

Figure 4 MRI re section images, 3D models and
TRUS images in puncture guidance

1.5 System realization

The targeted puncture hardware platform
consists of a computer, a magnetic locator (PA
triot, Polhemus), a video capture card, a biplane
intracavitary probe and a special probe fixture.
The video acquisition card can intercept the
screen output of the ultrasonic equipment in real
time, and the special probe clamp connects the
magnetic positioning sensor with the ultrasonic
probe rigidly, and integrates the puncture frame
function. The navigation software is developed
in Visual Studio 2015 using c++ programming
language, using QT, VTK, ITK and eigen
toolkits. QT is used for software framework
construction, VTK is used for two-dimensional
and three-dimensional display of medical
images, ITK is used for medical image
registration, and eigen is used for matrix
calculation. In addition, the prostate automatic
segmentation model of MRI images is packaged
into an executable program by the pyinstaller
toolkit, so that the preoperative planning module
of the navigation software can be called.

Figure 5 Targeted puncture system platform

2 Experimental results

In this section, the target registration error
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(TRE) is used to evaluate the ultrasonic
calibration  error, the  two-dimensional
registration error between the selected MRI
level and TRUS and the three-dimensional
registration error. It is defined as

TRE(p, pw) :‘Tp— p“‘, where p and p' are the

corresponding coordinate points under the two
coordinate systems respectively, T is the
conversion relationship between the two

coordinate systems, and | represents the distance.

Firstly, the verification process and calibration
error of ultrasonic calibration are given, then the
prostate phantom is used to verify the targeted
puncture guidance method, and the registration
error and puncture guidance error are calculated
and evaluated. Finally, the limitations of this
method are analyzed.

2.1 Ultrasonic calibration

Firstly, the accuracy of ultrasonic
calibration is evaluated by experiments. Due to
the use of biplane ultrasonic probe, it is
necessary to calibrate the two imaging planes
respectively. For each imaging plane, five pairs
of TRUS images and magnetic positioning
sensor data are obtained by scanning the
calibration phantom. For each TRUS image,
only 3 to 4 grid points closest to the probe are
used to select the coordinates of grid points in
the TRUS image in the software. 90% grid
points are used to calculate the calibration
matrix, and 10% grid points are used to verify
the calibration matrix. The calibration errors of
TRUS cross section and sagittal plane are 1.23
mm and 1.68 mm respectively.

Figure 6 Ultrasonic calibration grid point image
2.2 Puncture guidance

In this study, a commercial prostate
phantom (053I, CIRS, nor fold, USA) was used
for experimental verification. The phantom
contains simulated structures of rectal wall,
prostate, urethra and seminal vesicle, as well as
three simulated lesions with a diameter of about
1 cm. The phantom was scanned with a 3T MRI
scanner (ingenia, Philips Medical) to obtain a
T2W image with a layer thickness of 4 mm.
Segment the prostate, urethra and lesion area
according to the method in Section 1.1 to
generate a three-dimensional model. The centers
of three simulated lesions were taken as planned
puncture targets, and the coordinates of puncture
targets in MRI image space were recorded.
Record the corresponding TRUS image and
magnetic positioning sensor data according to
the maximum level of the three lesions in the
MRI image, and perform registration according
to the method in Section 1.3.

Since the two-dimensional registration
accuracy of MRI and TRUS determines the
follow-up puncture guidance accuracy, the
center position of the focus or urethra is selected
from MRI and TRUS respectively in each group
of registration. The coordinates of this position
in TRUS are transformed into MRI through the
two-dimensional registration matrix, and the
difference calculated with the coordinates in the
selected MRI is taken as the registration error.
The average registration error of the six groups
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is (1.91 £ 0.29) mm.

Table 1 Registration error and puncture error

Registration Registration Puncture error (mm)

group error (mm)  Focus 1 Focus 2 Focus 3
1 1.62 214 1.79 1.57
2 1.98 1.82 1.68 2.35
3 152 1.67 1.83 171
4 194 197 1.89 1.92
5 2.19 2.36 1.95 2.05
6 2.23 2.23 2.19 2.58

After each group of image pairs were
registered,  puncture  experiments  were
performed on three simulated lesions according
to the method in section 1.4, and a total of 18
puncture experiments were performed. During
each puncture, ensure that the current TRUS
shows the largest lesion area. Because the
puncture needle can be directly observed in the
imaging plane of the TRUS sagittal plane, and
the position of the puncture needle path can be
adjusted, it can ensure that the puncture needle
can accurately reach the center of the focus area
in the current TRUS plane. Therefore, we
recorded the TRUS image coordinates of the
focus center of the TRUS image and
transformed them into the MRI image space.
The difference between the TRUS image
coordinates and the planned coordinates of the
focus center in the MRI image space was
calculated as the current puncture error. The
puncture error is shown in Table 1. The average
error between the planned puncture point and
the actual puncture point is (1.98 + 0.28) mm.

2.3 Limitations

The above results prove that this study has
achieved good performance in ultrasonic
calibration and puncture guidance, but there are
also some limitations. Firstly, the accuracy of
ultrasonic calibration needs to be further

improved. Reference [l reports that the
calibration error is less than 1 mm, which is
better than the results shown in this paper. This
shows that if the calibration simulator can be
constructed more accurately, it is possible to
control the calibration error below 1 mm, so as
to further reduce the system error. Secondly,
although this method does not need to establish
the spatial conversion relationship between
preoperative MRI and intraoperative 2D TRUS
through 3D TRUS, it needs to manually select
the MRI and TRUS image pairs in the same
plane. If the selected images have obvious
deviation, it will lead to obvious puncture
guidance error. Therefore, professional clinical
students need to complete the selection of image
pairs. Finally, because more deformation and
motion interference will be introduced into the
practical clinical application, the method in this
paper also needs to be verified by clinical
experiments.

3 Conclusion

This paper presents an MRI-TRUS fusion
method for prostate targeted puncture navigation.
Based on the selected MRI-TRUS image pair,
the spatial position relationship between
preoperative MRI and intraoperative 2D TRUS
is directly established, the real-time re section
image of preoperative MRI and the real-time
relative  position relationship  with the
preoperative planning 3D model are displayed,
and the focus area is mapped into trus, so as to
guide the prostate targeted puncture. In this
paper, the feasibility of this method is
preliminarily verified by prostate phantom
experiment. In the future, we will improve the
calibration of phantom structure, registration
method, motion compensation and other aspects
to further improve the accuracy and stability of
the targeted puncture navigation method, which
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will be verified in clinical experiments.
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