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Purpose: Our previous research demonstrated that under ideal conditions, rigid registration
between MRI images and US images had high accuracy for real-time image guidance. The
work presented in this paper focused on the application of the previously established
procedures to a new context, including preoperative CT images.

Materials and Methods: We used a template to calibrate the US probe and completed the
registration between preoperative CT images and US images. Marker experiments on the
accuracy of real-time needle trajectories in CT images were performed using micro electro-
magnetic sensors. Pelvic phantom experiments were carried out to test the registration
accuracy between CT and US images, in addition to registration accuracy between US
images and real-time needle trajectories (real-time space model).

Results: The US probe calibration error in CT images was 0.879 + 0.149 mm. The
difference of registration between US images and CT images was 0.935 + 0.166 mm in
the axial plane (n = 30) and 0.916 + 0.143 mm in the sagittal plane (n =12). The difference of
registration between US images and the needle’s real-time trajectories was 0.951 +
0.202 mm.

Conclusion: Under ideal conditions, rigid registration between CT images and US images
had high accuracy for real-time image guidance.

Keywords: registered ultrasound image, gynecologic brachytherapy, rigid registration,
image-guidance

Introduction

Brachytherapy has been widely used in radiation therapy for cancer, and its efficacy
in cervical cancer treatment has been well described. Three-dimensional (3D)
imaging modalities, including computed tomography (CT) and magnetic resonance
imaging (MRI), have been used in brachytherapy treatment.'? Further evidence has
been provided that 3D image-guided brachytherapy (3D-IGBT) can improve the

34 and reduce the incidence of adverse events.’”’ However, cervical

prognosis
cancer incidence is high in low- and middle-income countries globally.® The huge
patient burden associated with cervical cancer and the relatively high economic cost
of introducing CT and/or MRI pose challenges to implementing 3D-IGBT.
Ultrasound (US) is a relatively extensive and economical method to obtain

a sectional image, widely used in diagnosing abdominal and gynecological
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diseases. The application of transabdominal US'®!! in the
brachytherapy of cervical cancer has also been reported.
St-Amant et al'? used three-dimensional (3D) transabdom-
inal US images with CT localization images to accurately
outline the therapeutic target area and surrounding organs
at risk (OARs) and calculated the dose using CT para-
meters. It showed that the dose distribution of a 3D trans-
abdominal US combined with CT was similar to that of
brachytherapy planning guided by MRI images. This not
only reduced the overestimation of therapeutic target
volume caused by CT’s indistinguishability of soft tissue
but also improved the dose coverage of the therapeutic
target. The US’s image-guidance technique, combined
with CT, helps lighten cervical cancer patients’ burden in
low-and middle-income countries.

Medical image registration mainly includes rigid regis-
tration and deformable registration. As existing deform-
able registration algorithms are time-consuming and are
not suitable for real-time applications, US image registra-
tion usually uses rigid registration.'”” The “rigidity”
hypothesis simplifies the complexity of registration and
has the critical advantage of real-time. It is assumed that
the target’s anatomical structures do not deform or distort
during the process of image acquisition. Registration
between preoperative CT/MRI images and intraoperative
US images is the key to guarantee the precise needle
placement because the real-time patient anatomy informa-
tion, preoperative images, and needle’s real-time position
relative to the target and surrounding anatomy will display
together in one coordinate system. Clinicians do not need
to mentally collate the 2D US image planes to the patient’s
3D anatomy. Preoperative images are displayed together
with real-time US images to provide the medical team
with the latest anatomical information and realize image
guidance. Based on the optical sensor or electromagnetic
sensor fixed to the US probe, the US images and preo-
perative images will be unified into one coordinate system
by a series of space transforms. Wang et al proposed a 2D
US probe calibration method. By detecting and analyzing
the US artifacts’ temporal signal when sweeping the US
probe over the phantom, the probe’s imaging plane and the
image features can be reliably identified. Then the features
are fed to a nonlinear optimizer to estimate the calibration
parameters.'* Toews et al calibrated and assessed an exter-
nally tracked 2D US probe’s calibration quality by scan-
ning arbitrary, natural tissues.'’

Our previous research suggested that rigid registration
between MRI images and US images had high accuracy

for real-time image guidance under ideal conditions.
Registered US images performed an accurate combination
of effective visualization and image guidance during visual
needle insertion in gynecologic brachytherapy.'® To gain
further insight into the involvement of preoperative
images, the work presented in this paper focused on apply-
ing the previously established procedures to a new context,
including preoperative CT images.

Materials and Methods

US Probe Calibration
We used a template to calibrate the 2D US probe (DP-50,
Mindray, China). The pixel size of 2D US images was 0.169 x
0.169 mm?. The calibration template consisted of three acrylic
plates that were attached with regularly arranged spherical
markers 6 mm in diameter. Two parallel cotton threads existed
in the calibration template. The plane constructed by the
threads was perpendicular to the upper plate and passed
through the maximum cross-sections of a column of markers.
During the calibration process, the electromagnetic trans-
mitter (mid-range transmitter, Ascension Technology
Corporation, USA) coordinate system was the 3D world coor-
dinate system W. Three coordinate systems existed in 3D world
coordinate system W: the US image coordinate system 7, the
electromagnetic sensor (Model 800 sensor, Ascension
Technology Corporation, USA) coordinate system R, which
was fixed to the US probe, and the calibration template coor-
dinate system P. US probe calibration was used to estimate the
similarity transformation %7}, which mapped 2D US image
coordinates to 3D electromagnetic sensor coordinates and
required the calibration template to act as an intermediary.
We supposed that a point existed in the system [ as well as

system R. The following equation could be obtained:
Xp = "TiTsX; M

where XR=(x,y,z,1)T was the homogeneous coordinates of
the point in system R; X; = (1,1,0,1)" was the homoge-
neous pixel coordinates of the point in the system I; Tg
was a 4 x 4 diagonal scaling matrix converting US spatial
units (pixels) to world distance units (mm), which had the
following form:

Ty = 2

coonn
cohrno
o—oc o
==

where §,, and S, were scaling parameters along the x and
y directions of the US image which would be provided by
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the US system. ®T; was a 4 x 4 homogenous transform

matrix which had the following form:
Ry Ry WP [ R1 4 Ry, Hh\(R &
Tr="Tw TPT[_(O 1><o 1)(0 1)
3

where 2Ty, "Tp and ©T, were 4 x 4 homogenous transform
matrices; Ry, R, and R; were rotation matrices; ¢, #,, and #3
were translation vectors. T}, was a 3D rigid transform map-
ping 3D world coordinates to 3D electromagnetic sensor
coordinates, which were provided by the current output
data (x, y, z, a, e, r) from the electromagnetic tracker, where
x, ¥, and z were 3D world coordinates of the electromagnetic
sensor’s origin, a, e, and r were heading, tilt and roll of the
sensor. Figure 1 illustrates the space coordinate transforma-
tion relationships in US probe calibration. " 7 was a 3D rigid
transform mapping 3D calibration template coordinates to
3D world coordinates which could be solved by the algo-
rithm based on singular value decomposition (SVD). “T; was
a 3D similarity transform mapping 2D US image coordinates
to the 3D calibration template coordinates, which could also
be solved by the algorithm based on SVD.

Figure | Space coordinates transformation relationships in US probe calibration.

The 3D transform matrix solution was to explore
the optimal rotation matrix R and the optimal transla-
tion vector ¢ to minimize the distance between
homologous points in two different coordinate systems.

For WTP:
"Tp =min 3, 0 — (RO +1)° )
i=1

where O"=(x, y, z)" was the calibration template coordi-
nates of a point which could be obtained by the location of
it; 0,"=(x, y, z)" was the 3D world coordinates of the point
which could be obtained by using the tip of a needle probe
fixed by an electromagnetic sensor to touch it. The tip’s
3D world coordinates could be identified by its position
concerning the electromagnetic sensor coordinate system
and transform matrix " 7.

We used the upper vertexes of the markers from the
calibration template as selected points. It was supposed
that two sets of points chosen from system P and system
., ayy and B={b;, b,, ..., b,}. We
decentralized set A and set B, and presented them in matrix

W were A= {a;, a,, ..

X and matrix ¥, which produced:

sensor

yr
- US probe
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The SVD was used to decompose matrix XY”. The rotation
matrix R and translation vector ¢ of " T could be obtained.
The following formulas showed the procedure:

xyT =uxyT 7
R=UrT 8)
i bi X di
= Ziiby | — R Xl ay )
Xiibis X i

We filled a container with water and leant the calibration
template against the wall, and fixed an electromagnetic
sensor to a linear array ultrasonic probe. Figure 2A
shows a 3D printed slider. The slider made the US probe
direction consistent when sweeping the template, as shown
in Figure 2B. The US image depth was set as 10 cm. We
moved the US probe by the slider until the US image gave
the maximum visibility of both two cotton threads, which
meant the current slice passed through the column of

markers’ maximum cross-sections under the cotton
threads. We captured this image and got the current trans-
form matrix %7, provided by the electromagnetic tracker.
The image was scaled along x and y directions with S, and
S, to convert US spatial units (pixels) to world distance
units (mm). A group of contour points of maximum cross-
sections of markers under threads was chosen as reference
points to do the registration. Since the slider could locate
the US probe and made the US image horizontal, the
maximum cross-sections had definite locations in the US
image, and the 2D US image coordinates of each point
could be obtained automatically. The coordinate in z-direc-
tion was identified as 0. We set the top center of the US
image as the coordinate origin to ensure the “7, was
unchanged no matter the scan width or depth changed.
We used the algorithm based on SVD to solve “7}. From
the principle of ordered multiplication of *T), "7, and ©
T}, the transform matrix *7; would be solved.

Registration Between US Images and

Preoperative Images

The registration between US images and preoperative
images provided the basis for the cooperation between
updated anatomy information and preoperative planning
during the operation. Preoperative images coordinate sys-
tem H existed in the treatment planning system (TPS). Our
research team developed the TPS we used for cervical
cancer brachytherapy. This registration was to estimate
the similarity transformation “7;, which mapped 2D US
image coordinates to 3D preoperative image coordinates.

Figure 2 (A) 3D printed slider. (B) The slider controlled the direction of the US probe.
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We supposed that a point existed in the system 7 as well as
system H, we could obtain the following equation:

Xy =1T,TsX; (10)

Where X;; = (x, y, z, 1) was the homogeneous coordinates
of the point in system H; X; = (u, v, 0, 1)" was the
homogeneous pixel coordinates of the point in the system
I; Tg was the 4 x 4 diagonal scaling matrix converting US
spatial units (pixels) to world distance units (mm). 77, had
the following form:

Hp _Hp wrRkRpe (R (R L\[(R3 &
T ="Tw" Tk T"(o 1 0 1 0 1
(11)

where 7Ty, " Tk and ®T, were 4 x 4 homogenous trans-
form matrices; Ry, R,, and R; were rotation matrices; ¢, #,,
and t; were translation vectors. /Ty was a 3D rigid trans-
form mapping 3D world coordinates to 3D preoperative
image coordinates. Using the tip of the needle probe to
touchpoints in 3D world coordinate system W, and picking
up the corresponding points in preoperative images, Ty,
could be solved by the algorithm based on SVD. " Ty was
the inverse matrix of %7y which was provided by the
electromagnetic tracker. 7, had been solved by US
probe calibration. From the principle of ordered multipli-
cation of “Ty; "Tx and T}, the transform matrix 77,
would be solved.

Interstitial Brachytherapy Applicator and
Real-Time Space Model

The brachytherapy applicator included an intrauterine
catheter and needed interstitial needles, which were
located and supported by a vaginal template. We fixed an
electromagnetic sensor at the terminal to track the intrau-
terine catheter’s position and threaded a micro electromag-
netic sensor along the tube wall into the tip. The
intrauterine catheter and interstitial needle were made by
PEEK, which was standardly available and had been used
in electromagnetism applications.'* The needle tip was
made by 3D printing using Vero-clear to insert the needle
smoothly. To track the needle’s position, we threaded
a micro electromagnetic sensor along the needle wall
into the end of the needle shaft, as shown in Figure 3A,
and fixed an electromagnetic sensor at the terminal, as
shown in Figure 3B. Since the needle’s inner diameter
was 1.5 mm, we also set a small ring at the micro sensor’s
tip to make it locate at the end of the needle shaft, as
shown in Figure 3C. The needle tip’s 3D world

Figure 3 (A) The micro electromagnetic sensor was fixed to the needle. (B) The
electromagnetic sensor was fixed to the needle. (C) The microsensor was located
at the end of the needle shaft.

coordinates could be identified by its position concerning
the microsensor coordinate system and the transform
matrix " Tg. In this way, the intrauterine catheter’s and
interstitial needle’s real-time space model could be drawn
in TPS by the transform matrix 77}

Marker Experiment

The marker experiment was designed to test the needle’s
real-time space model’s position accuracy in the 3D
preoperative image coordinate system and the accuracy
of registration between US images and preoperative
images.

The accuracy of the transform matrix 7}, determined
the needle’s real-time space model’s position accuracy in the
3D preoperative image coordinate system, especially the
needle tip’s real-time position accuracy. The calibration
template was given a CT (Philips, Brilliance BigBore)
(slice thickness, 1 mm; scanning matrix, 512 x 512; pixel
size, 0.752x0.752 mm?) scan. We chose the highest spheri-
cal points of some markers on lateral acrylic plates as
selected points. The transform matrix “Tj was solved
using the needle probe’s tip to touch them and pick up the
CT images’ corresponding points. We put the calibration
template at five different positions in system W to change
the transform matrix “Ty. After solving Ty at each
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position, we used the tip of the needle probe to touch the
upper vertexes of 6 markers randomly selected on the cali-
bration template’s upper plate successively to get their 3D
world homogeneous coordinates. Then we pre-multiplied
the homogeneous coordinates by the solved T}, to get
their transformed homogeneous coordinates. Accordingly,
the points’ 3D CT image coordinates were obtained by
being picked up in CT images. By calculating the distance
between transformed coordinates and 3D CT image coordi-
nates for each point, we got 30 differences in total.

The accuracy of the transform matrix “/7; determined
the accuracy of registration between US images and
preoperative images. We did US probe calibration and
completed the registration between US images and cali-
bration template’s CT images five times. After finishing
the registration, we moved the US probe to scan six
markers on the calibration template’s upper plate suc-
cessively. When the US image slice passed through
a selected marker’s sphere center, we obtained the
sphere center’s coordinates in this registered US
image. The software calculated the circle’s diameter by
picking up three non-collinear points on the outline of
a random cross-section in a registered US image. If the
diameter was in the range of 6 £0.2 mm, we could
regard it as the maximum cross-section, and the sphere
center’s coordinates in a registered US image could be
calculated. Accordingly, the sphere center’s 3D CT
image coordinates could be obtained easily. By calculat-
ing the distance between the sphere center’s coordinates

Figure 4 The phantom.

in registered US images and CT images for each marker,
we got 30 differences in total.

Phantom Experiment

We used phantom to simulate real surgery, as shown in
Figure 4. A typical uterus was segmented from a patient
image and formed from agar mixture to provide an addi-
tional landmark in the US image (40 g agar powder and 6
g cellulose powder per 1 L distilled water) mold created.
Granulated sugar was also added into the uterus appropri-
ately to avoid water seepage. The phantom background
was an agar mixture containing 20 g agar powder, 60 mL
glycerol, and 10 g cellulose powder per 1 L distilled water
to mimic soft-tissue scatter in US images. An agar lump
had the same composition as the uterus phantom to sup-
port it.'®!” The whole phantom was kept in a container
with plastic particles marked on the container’s inner wall.

The phantom experiment was designed to test the accu-
racy of registration between US and CT images and the
needle’s real-time space model in the US image. Figure 5
shows the workflow of the phantom experiment.

We first confirmed the registration accuracy between
US images and CT images. We used the axial ultrasonic
image positioning needle and used the sagittal ultrasonic
image to evaluate the needle depth. The registration
accuracy between the CT image and US image was
verified on these two planes. The phantom was placed
in CT scans with 1-mm slice thickness. After the ultra-
sonic probe calibration, the CT image was registered with

Vaginal wall
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Figure 5 The workflow of the phantom experiment.

the US image according to the markers’ outline in the CT
image. In axial CT images, the needle bar cross-sectional
centers of 4 layers with a distance of 5 mm were
extracted, and the coordinates were obtained. After that,
the phantom was scanned with an ultrasonic probe and
adjusted so that the registered ultrasonic image corre-
sponds to four axial CT slices in turn. The center of the
cross-section of the needle axis in the registered ultra-
sonic image was selected to calculate the corresponding
point coordinates’ distance in the two modes. In sagittal
CT images, slices with needles were searched to detect
the endpoint of the needle axis’s longitudinal section.
Similarly, we scanned the model with an ultrasonic
probe and adjusted it so that the registered US images
coincided with these slices continuously. The endpoint of
the longitudinal section of the needle shaft was detected
in the registered ultrasonic image. The distance between
the corresponding point coordinates in the two modes
was calculated. We inserted three needles through differ-
ent peripheral channels. And then, we scanned the phan-
tom five times with a sagittal CT. Finally, we obtained 30
differences in the axial plane and 12 differences in the
sagittal plane.

We second tested the accuracy of registration between
US images and the needle’s real-time space model. A new
phantom was created, which was the same as the previous
model. CT scanned the phantom with a 1-mm slice thick-
ness without needle insertion. We did the segmentation
and reconstruction of the uterus and vagina in TPS based
on the phantom’s obtained preoperative CT images.
According to the markers fixed to the phantom’s container,
the transform matrix /7y could be solved to realize the
registration between the 3D world coordinate system and
3D CT image coordinate system. The intrauterine catheter
was fixed with electromagnetic sensors. By tracking the
intrauterine catheter’s current position and making the
real-time space model in TPS pass through the recon-
structed cervix and locate in the reconstructed uterine
cavity, the intrauterine catheter was inserted into the phan-
tom. Then we placed the template in the vagina through an
intrauterine catheter by the central channel to support it.
Six different interstitial needle insertion paths were
designed in TPS to test the registration accuracy. After
finishing the registration between US images and CT
images, we fixed the electromagnetic sensors to an inter-
stitial needle. We inserted the needle along one insertion

Cancer Management and Research 2021:13
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path by tracking the needle’s current position and drawing
the TPS’s real-time space model. We chose five random
positions in the path inside the uterus to make the needle
stay successively during the needle insertion. The needle
tip was set as the reference point. When the needle
stopped, we only retained the reconstructed organs and
did a US scan of the phantom until the needle tip could
clearly be shown in a registered US image. The registered
US image, which had the clearest needle tip, was captured,
and the needle tip was picked up to obtain its coordinates
in the registered US image, as demonstrated. In the mean-
time, the needle tip’s transformed 3D CT image coordi-
nates were obtained by the micro sensor’s current output
data and transform matrix T} By calculating the distance
between these two kinds of coordinates, we got the differ-
ence, reflecting the accuracy of registration between US
images and the needle’s real-time model. After inserting
the needle along the whole six paths and calculating the
distance at each position, we got 30 differences in total.

Our research used the Kolmogorov—Smirnov test to
check the distributions of our data with P>0.05. All
experimental protocols were approved by Tianjin
Medical University Cancer Institute and Hospital. All
methods were carried out in accordance with relevant
guidelines and regulations.

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
was approved by the Human Investigation Committee of
Tianjin Central Hospital of Gynecology and Obstetrics,
Tianjin, China (No. 2020K'Y098).

Results

Marker Experiment

The mean difference £ SD between the points’ trans-
formed coordinates and 3D CT image coordinates was
0.272 + 0.081 mm Kolmogorov—Smirnov (K-S test P=
0.830). The mean difference &= SD between the marker
sphere centers’ coordinates in registered US images and
CT images was 0.879 £ 0.149 mm (K-S test P= 0.926), as
shown in Figure 6.

Pelvic Phantom Experiment

The mean difference £ SD between the needle tip’s coor-
dinates in registered US images and CT images was 0.935
+ 0.166 mm (K-S test P= 0.996) in the axial plane (n =
30) and 0.916 £+ 0.143 mm (K-S test P= 0.958) in the
sagittal plane (n =12), as shown in Figure 7. The mean

Number of Markers

0.6 0.7 0.8 0.9 1.0 1.1 1.2

Coordinates Difference(mm)

Figure 6 Histogram of the marker sphere centers’ coordinate differences between
CT images and registered US images for 30 markers.

difference + SD between the registration US images and
needle’s real-time space model was 0.951 + 0.202 mm (K-
S test P=0.974), as shown in Figure 8. Figure 9 shows the
registration between US images and interstitial needle’s
real-time space model in the insertion paths.

Discussion

Our research group tested the feasibility of guiding needle
placement by registered US images in gynecologic inter-
stitial brachytherapy. While the use of preoperative MRI
images had been reported'® in our previous study, this
experiment demonstrated that under ideal conditions,
rigid registration between CT images and US images
obtained high accuracy for real-time image guidance.

In the marker experiment, the prime source of the differ-
ences between selected points’ transformed coordinates and
3D CT image coordinates was the human factor. The una-
voidable deviation occurred when picking up the precise
points in CT images and using the needle probe’s tip to
touch the precise upper vertexes. Under the presumption
that the microsensor located at the needle tip’s center stably
without shaking, we could confirm that the needle’s real-time
space model had a high position accuracy in the 3D preo-
perative image coordinate system because the transform
matrix T}, was verified to be high-accuracy. The needle
tip’s visible real-time position in the phantom’s 3D CT
image coordinate system was reliable. The differences
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Figure 7 Histogram of coordinate differences between US images and registered CT images in the axial plane (black columns) for 30 markers and the sagittal plane (grey

columns) for 12 markers.

Number of Positions

0.5

0.6

0.7 0.8 0.9

1.0 1.1 1.2 1.3 1.4

Coordinates Difference(mm)

Figure 8 Histogram of coordinate differences between the registration US images and needle’s real-time space model for 30 markers.

between the marker sphere centers’ coordinates in registered
US images and CT images had three primary sources. The
first source was the deviation that occurs when distinguishing
the visibility of two cotton threads during US probe calibra-
tion, which mainly depended on the calibration template’s
fabrication precision and directly influenced the accuracy of
PT,. The second source was the accuracy of 7Ty, which had
been verified before. The third source was the deviation that
occurs when picking up the three non-collinear points on
a cross section’s outline in a registered US image, which
mainly depended on the quality of US images and human
Because of the coherent

factors. imaging process

characteristic, US images suffered from a low signal-to-
noise ratio that brought unfavorable effects into feature
extraction, which created uncertainty in this deviation.
Based on the analysis above, the improvements of US
image quality and calibration template’s fabrication precision
were the keys to improve the accuracy of registration
between US images and preoperative images.

The differences between the needle tip’s coordinates in
the registered US image and 3D CT image coordinate
system had three primary sources. The first and second
sources were the accuracies of the transform matrix 7},
and transform matrix T}, respectively, verified in the

Cancer Management and Research 2021:13
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Figure 9 The registration between the US image and the needle’s real-time space model in the insertion path. (A, C) Show the registration between US images and
interstitial needle’s real-time space model at two of the five positions in two insertion paths. (B, D) Show the US images at two of the five positions in two insertion paths.

marker experiment. The third source was the deviation
when picking up the needle tip in a registered US image.
Similarly, this deviation mainly depended on the quality of
US images and the human factor.

In our phantom experiment, the mean difference + SD
between the needle tip’s coordinates in registered US
images and CT images was 0.935 + 0.166 mm in the axial
plane (n = 30) and 0.916 £ 0.143 mm in the sagittal plane
(n =12). Rodgers et al'” developed a 3D-TRUS system to
provide intra-operative needle visualization and localization
during interstitial gynecologic brachytherapy. The average
3D Euclidean distance between the corresponding tips of 14
needles was 1.54 £0.71 mm. Additionally, Wang et al'*
reported a similar result. The mean tip error of 1.7 =+
0.5 mm for 15 needles using an active MR tracking system.
In our research, the mean tip position difference in the
phantom was similar to the pixel size of CT images because
these images were captured at a pixel size of 0.752 x
0.752 mm? (the pixel size of 2D US images was 0.169 x
0.169 mm?) and might be partly attributed to the uncertainty
caused by the pixel size of the image.

Navigation is the combined use of tracking and imaging
technology to provide an intra-operative visualization of the
position of a surgical instrument’s tip relative to the target
and surrounding anatomy.'® In interstitial brachytherapy for
cervical cancer, needle placement should avoid the OARs,
including the bladder and rectum, which is particularly
important. Needle tips should extend beyond the target
region to ensure dose coverage, potentially impinging on
the OARs’ positions.'” The damage of blood vessels during
needle insertion can lead to bleeding into the peritoneal
cavity or vagina.'” Only tracking the needle’s position and
lack of image-guidance during this procedure can cause the
above problems.?’! Consequently, navigation requires more
information than just the instrument’s tip. For brachytherapy,
shaft information is necessary for dosimetry and the entire
needle trajectory.

Most institutions acquire needle’s post-insertion images
using CT image-guided. However, due to the needle’s tip’s
optimum position cannot be guaranteed during the first inser-
tion, sometimes repeated CT scans will be required to test the
adjustment of the needle’s position, whose radiation can
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damage the patient’s body. Based on the optical sensor or
electromagnetic sensor fixed to the needle, the intra-
operative location of the needle’s tip can be acquired in real-
time with US image-guided, and a CT scan is required only
once before the operation. In our CT-based brachytherapy,
the mean target registration error (TRE) in the phantom was
similar to the MRI-based brachytherapy (0.935 + 0.166 mm
vs. 1.01 £0.22 mm in the axial plane and 0.916 + 0.143 mm
vs. 1.14 + 0.20 mm in the sagittal plane). In the MRI-based
brachytherapy,'® the mean angle difference + SD between
US images and interstitial needle’s real-time space model
was 1.61 + 0.28 degrees for five needles in the phantom.
We will analyze the entire needle trajectory as future work
for CT-based brachytherapy.

In brief, the US is the preferred technique to guide
interventional treatments due to the good qualities of non-
invasion, real-time, cheapness, and convenience. When
preoperative images are displayed together with US
images, anatomic shifts can easily be visible and mea-
sured, thereby providing updated information on the sur-
gical team’s true patient anatomy.'®

Finally, several limitations to the present study should be
considered for future research. First, our experiments were
conducted in modeling pelvic phantom under ideal conditions.
The unavoidable mobility of pelvic organs, including the dif-
ference between filling the bladder and the intestinal move-
ment, is the inherent limitation for rigid registration between
preoperative CT images and US images, producing unreliable
image guidance during operation. Even though we used
a liquid background in US probe calibration to adjust the
speed of sound in human tissues approximately, the US
probe should be calibrated through different mediums such
as fat, muscle, soft tissues, and bladder filling, which have
different speeds of sound in a patient’s procedure. When the
transabdominal US passes through the mediums above as the
acoustic window before the uterus, US images could be dis-
torted for a real patient. A linear markers model should be fixed
in a real patient as features to be identified for US probe
calibration. A bionic phantom containing different organs
and tissues should be desired. In terms of the different speeds
of sound in these media, the gel mixtures of different compo-
nents can be formed by molds. Second, while the needle tip
was made by 3D printing using Vero-clear for inserting the
needle smoothly in our study. Some research preferred to use
plastic needles with metal obturators to assist insertion
smoothly.* Because the obturator occupied the micro electro-
magnetic sensor’s position, 3D-printed improved the needle
tips with threads at the bottom by 3D-printing technology to

assist needle insertion in clinical research. Third, additional
studies are needed to construct the needle shaft in preoperative
CT image space by threading it along the shaft after needle
placement. The organ information reconstructed from intrao-
perative CT images should also be included in dose planning.

Conclusion

Registered US images performed an accurate combination of
effective visualization and image guidance during visual
needle insertion in gynecologic brachytherapy. Rigid regis-
tration between CT images and US images had high accuracy
for real-time image guidance. Our future work will continu-
ally go on doing verification based on clinical experiments.
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