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Purpose: The purpose of this article is to present and evaluate a proposed rigid registration

method in the application of real-time fusion of pre-operative 3DCT images and intraop-

erative 2DUS images.

Methods: A universal hybrid automatic rigid registration method was proposed, which

allows registration of preoperative contrast enhanced CT with intraoperative 2D ultrasound

images (neither CEUS nor 3DUS is required), with the possibility of manual correction. The

method is based on automatically detectable markers, clearly identified in preoperative CT

images, and by optical position tracking system during the procedure. A two-step fusion

accuracy assessment was used. The first stage, the initial fusion assessment, was carried out

at the time of the procedure. The second, objective stage (the final fusion assessment) was

carried out after the procedure, and was based on the image and location data collected

during the procedure. The clinical evaluation of the method was performed on 20 patients.

Results: For IFA and for Fusion Stability Assessment evaluation steps the following results

were obtained, respectively: no fusion disorder: 10, good overlay: 8, permanently wrong

fusion: 2 and no fusion disorders: 8, short-term fusion disorders: 9, frequent fusion dis-

orders:3. The RMSE descriptive statistics (presenting order: median (first quartile third

quartile) [min max]) was 8.87 (6.46 12.76) [5.04 18.84] mm.
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Conclusion: The results are qualitatively comparable with results obtained in other inde-

pendent research, quantitatively comparable in accuracy, achieving mostly better results in

terms of preparation time consumed and operating in real time, which justifies the possible

clinical usage of the proposed method.

© 2020 Published by Elsevier B.V. on behalf of Nalecz Institute of Biocybernetics and

Biomedical Engineering of the Polish Academy of Sciences.
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1. Introduction

Percutaneous thermal ablation, also called percutaneous
radiofrequency ablation (pRFA), is a minimally invasive
procedure carried out with imaging guidance. It is a known
method of radical treatment of small liver, kidney, and lung
tumors, especially in non-resectable patients, and is included
in many international guidelines (e.g. European Society of
Medical Oncology and American Society of Clinical Oncology).
The results of small tumor treatment are similar to those
surgically managed, however with much lower complication
rates [1]. Thermal ablation are procedures that require high
precision in lesion localization, thus image fusion of ultra-
sound (US) imaging with Computed Tomography (CT) or
Magnetic Resonance Imaging (MRI) is an important asset. This
fusion imaging method is of interest to surgeons who perform
pRFA in the treatment of liver tumors, because the real-time
fusion of multimodal images can increase monitoring and
confidence in aiming during the procedure and allows more
accurate location of the lesions and more precise puncture [2].

Use of US imaging only does not provide any information
about the safety margin during pRFA due to air bubbles created
when performing ablation and limited visibility of the tumor.
Enhancement of US using contrast is an alternative that
increases the accuracy of navigation during the procedure.
However, commercially available US contrast agents do not
provide sufficient image enhancement duration to clearly
visualize the obscure target damage during the pRFA proce-
dure. In addition improper targeting in US image may occur
when regenerative or dysplastic nodules around the low HCC
within liver cirrhosis are present, appearing similar to the
target lesion. Independent use of CT also has its own
limitations. In particular, it requires more time, and exposes
the patient to radiation. At the same time, there are difficulties
with aiming at the lesion, as it requires finding the needle
trajectory in a narrow field of view and large needle angles
[3,4]. The utilization of US and MRI fusion in liver ablation was
not considered due to the limitations including limited MR
scanner availability, a small range of equipment (needles,
catheters, etc.) on the market that can be used in a strong
magnetic, slower MR imaging performance compared to
ultrasound (US) and computed tomography (CT) scans,
possible interference between MR and RF systems and the
requirement of using an open MR systems for imaging in near
real time during placing of the electrodes [5]. Therefore
authors chose Ultrasound (US) and Computed Tomography
(CT) image fusion.

Rigid fusion of US and CT imaging methods are commonly
used during liver surgical procedures including pRFA aided
with fusion of US and CT imaging from C-arm proposed by
Rossi and colleagues (2019) [6] or supported with fusion of
intraprocedural ultrasound (US) and contrast-enhanced cone-
beam CT (CBCT) for small hepatocellular carcinoma (HCC)
presented by Monfardinin et al. (2018) [7] resulting in
registration accuracy of 7 mm. In other cases, electromagnetic
trace-based US and CT fusion allows to perform real-time
positioning of a 22-gauge needle in the liver as proposed by
Bing et al. (2019) [8] showing precision of 8.5 mm. US and CT
fusion utilizing non-rigid registration of images include, for
example, a method proposed by Lee and colleagues (2011) [9]
were 3D US and CT images were fused based on gradient
information and anatomical features found in both modalities
resulting in fiducial registration error, which given a configu-
ration of the fiducials, can be used to estimate the target
registration error (TRE), of 2.4 mm for vessels and surfaces of
the liver.

Performing 3D to 2D registration presents a challenge for
non-rigid objects [10]. The local deformation of shape in fusion
of CT and US images requires finding correspondence in the
content of the images usually on the basis of branching areas
of the portal or hepatic veins [11]. As ablation procedure
statistics indicate, liver tumors occur in all 8 of its anatomical
segments [12], thus correspondence of points in the images of
both modalities may not be provided in every location. Also,
non-rigid registration of abdominal organs requires that the
registration areas be limited to well-segmented organ masks,
which were not available during surgery. To limit the high
deformability of the liver, constraints, e.g. in shape space [13]
need to be applied. Unfortunately, the changes in stiffness of
the organ parenchyma depending on the lesions requires
preparation of sets of shapes corresponding to the deforma-
tion of the organ for each patient separately. Additionally,
fitting of CT volume to 2D US images can be considered a
sparse data problem. The research carried out on marker-
based registration of CT images of the patients' position during
the ablation procedure showed that results of the Root Mean
Square Error (RMSE) for rigid transformation is comparable
with the outcome of using non-rigid transformations, e.g.
Elastic Body Spline or Thin Plate Spline [14,15]. Hence, a hybrid
method based on automatic rigid global matching with local
rigid correction has been proposed.

The proposed method assumes that the deformation is a
combination of 2 rigid transforms, limited to 2 � 6 degrees of
freedom (two rigid transformations: one automatic, one
manual) and is designed as a compromise to minimize the
operator's necessary involvement, while sustaining accuracy.
Limiting the number of degrees of freedom ensures greater
reliability of fit, whilst reducing the duration of the process
(with optional user input).
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Previous ex-vivo study [16] allowed for pre-clinical evalua-
tion of the system supporting diagnostics and therapy
planning for percutaneous ablation of liver tumors. The study
was two-part. Firstly, based on 20 patients CT scans of the
abdomen, evaluation of the designed data acquisition proto-
col, evaluation of segmentation of organs and anatomical
structures, planning of the therapy were performed. Next,
system calibration, patient registration and fusion of the
images were assessed by using a calibrated phantom. The
average precision obtained for US probe calibration was
1.68 mm [16].

An in-vivo study of patients was carried out to assess the
clinical value of this method in the presence of the
aforementioned US challenges (safety margin problem, un-
clear nodule problem and confusing nodule problem).

The purpose of this article is to present and evaluate a
proposed rigid registration method in the application of real-
time fusion of pre-operative 3DCT images and intraoperative
2DUS images that do not require the visibility of a tumor lesion
in both modalities and modification of transcutaneous liver
tumor ablation.

2. Material and methods

The proposed method consists of the following step are
presented in Fig. 1. Some detail could be find previously
published work [16], where phantom evaluation has been
performed.

The method for guidance used during liver tumor ablation
works in real time, which provides the surgeon with immedi-
ate fusion of CT and US imaging and is also continuous
throughout the ablation. Patients are anesthetized during the
procedure, so significant movement of the patient's body is not
a concern. The ablation needle is inserted based on synchro-
nization with the respiratory phases. High-frequency ventila-
tion methods, which can significantly reduce the respiratory
amplitude, were also considered during this evaluation [17].
Unfortunately, use of such methods may increase the risk of
baro-traumatic pneumothorax [18]. Considering that the mean
Fig. 1 – The steps of the proposed method of abdominal image f
registration.
age of the patients, was 62.9 years old and after medical
consultation on the condition of patients, high-frequency
ventilation method could not be used. In the beginning the
markers, that are visible in CT examination and are recognized
by the position tracking system, are attached to the patient's
skin in order to allow further calibration.

Next, during the procedure, positions of placed markers are
tracked using Claron Nav Hx40 [19] optical tracking system.
The manufacturer ensures the calibration root mean square
error at 0.2 mm. The image resolution of the camera is
1024 � 768px. Uniquely shaped markers, which were designed
for this purpose by the author [20], are recognized by the
camera and their 3D position can be calculated (Fig. 2). This
provides a baseline for synchronization with respiratory
phases. The problem of marker visibility in an optical tracking
system has been solved by placing the tracking camera
opposite to the operator. This placement of the camera
provides a better view on both the US probe, ablation needle,
and the patient's body surface. Anatomical positions of marker
distribution are shown in Table 1.

In the first phase, an automatic method based on markers
on the patient's abdominal surface detected by a position
tracking system is used; the markers are also uniquely
detectable in CT images. After the automatic phase, if
necessary, a manual phase which uses the Horn global
orientation algorithm to correct the automatic fit [21] is
possible (Fig. 3). It should be noted that the verification of
accuracy takes place in 3D on the basis of the mean square
error of characteristic points marked in both imaging modali-
ties by an expert, thus it can be concluded that the result has a
lower tendency to underestimate the error value. It is possible
to repeat the manual phase without the required accuracy
being achieved.

The operation of the system involves performing multiple
rigid registrations of misaligned coordinate systems assigned
to the components i.e. CT image, patients position, US image,
US probe to the frame of reference of the optical tracker (Fig. 3).
The CT image frame is registered to the patients position with
the use of markers recognized by the tracker and visible in CT
image. The US image reference frame is registered to the
usion supporting percutaneous ablation based on rigid



Fig. 2 – Image of markers that are used and their placement on patients skin.
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probe's reference frame using a phantom of known geometry
with elements visible in the US image. The average precision
obtained for US probe calibration was 1.68 mm [16]. The US
probe position and the patients position are calculated using
markers. The conversion between subsequent coordinate
systems allows the positioning of the CT and US image in
the reference frame of the tracker.

The surgical conditions were developed based on the
review of operational techniques and the need to take into
account factors affecting organ deformation. The procedure
takes place in a CT room. The patient remains anesthetized
during CT examination (there were no respiratory synchroni-
zation protocols in the CT scanner used). The patient lies in the
same position during the ablation procedure as during the
tomography. For this reason it is not necessary to calculate the
direction of gravitational force and organ deformations caused
by gas insufflation (the procedure is performed percutaneous-
ly).

Intraprocedural steps are as follows: locating the patient
and the model registration by automatically applying the
algorithm for rigid adjustment of the image coordinate system
to the patient's physical coordinate system (this step is
repeated continually, for every marker's position obtained
from the tracking system. The rigid transformation is updated
multiple times per second), fusing the preprocedural CT and
Table 1 – Anatomical positions of skin markers.

Marker number Anatomical location

1 Xiphoid process
2 Intersection of the

midclavicular line and the
right costal margin.

3 Intersection of the anterior
axillary line and the right
costal margin.

4 Intersection of the
midclavicular line and the left
costal margin.

5 Intersection of the anterior
axillary line and the left costal
margin.

7 Umbilicus
intraprocedural US image and the real-time image navigation
during surgery.

The registration method we propose is a hybrid method,
which means that the design allows to work with any US head
- the calibration method used is based on the open PLUS library
[22], the method occurs in the first automatic phase, and does
not assume the visibility of characteristic structures in fused
images, it does not require the use of contrast enhanced US or
3D US imaging, the information about correspondence in the
image content can be used in manual mode which acts as an
amendment to the automatic mode. Manual mode includes
the possibility of using expert knowledge in the form of
indicating corresponding points in US and CT images. This
option is in a separate application window presenting image
fusions. The operator indicates the points corresponding in
the US image and the corresponding 2D section. The operator
has the ability to change the position and rotation of the CT
cross-section in the x, y and z axes. If necessary, the fusion
may be repeated multiple times in extremely difficult cases
(after performing the manual correction, the additional
transformation is combined with the automated one), as part
of this method, an imaging protocol has been developed in
which it is necessary to perform one 3D volume with contrast
(at the exhalation phase).

The test is performed after sticking markers and the patient
has been anesthetized, which ensures better repeatability of
the respiratory cycle. This is performed using the respirator
relative to imaging protocols used in radiotherapy, where the
respiratory cycle is averaged during free breathing, and
normally performs 10 volumes distributed linearly over the
average respiratory cycle (0, 10, . . ., 90% respiratory phase). An
optional concept could be developed in addition to the above
approach: a protocol for performing 3D volume, opposite
phase respiratory cycle acquisition. The goal of this method
would be to determine the amplitude of respiratory move-
ments of the pathological tissue, which allows for estimating
mobility and narrowing down the search region for lesions
using common 2D US imaging.

2.1. Proposed fusion evaluation methods

The correct fusion of images in various modalities (pre-surgery
CT, mid-surgery CT, and mid-surgery US) is of key importance
for the functioning of this system. Fusion errors result in



Fig. 3 – The schematic of transformation between reference frames of components forming the system.
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navigation errors and, consequently, create a significant risk to
the patient's health. This threat may come not only from the
possibility of improper tool guidance, but also prolongation of
the procedure itself. This method was validated with the use of
a liver phantom [16]; with the consent of the Ethics Committee,
research has been transferred from the phantom to the clinical
environment. Given the above, we consider it highly desirable
to verify the fusion on an artificial or animal model,
particularly in CT.

A two-step fusion accuracy assessment is assumed: 1) First
stage: the Initial Fusion Assessment (IFA) is carried out at the
time of the procedure to determine the fusion quality for
imaging modalities used during the procedure, 2) Second
stage: the final Fusion Stability Assessment (FSA) is carried out
after the procedure based on the image and location data
collected during the procedure. This assessment consists of
determining several coverage factors of the predicted and real
model, based on the assessment of the radiologists. The
nominal scale presented in the work, along with the signifi-
cance of its individual values, was proposed by a team of
radiologists with over 5 years of experience in percutaneous
liver ablation surgery and is treated as an expert measure.

2.1.1. Initial fusion quality assessment
Initial Fusion Assessment is performed at the beginning of the
procedure by radiologists experienced in percutaneous abla-
tion. It assumes checking the quality of fusion using all
imaging modalities provided for the procedure, i.e. US and CT
of areas selected by the radiologists, including the focal change
being the current target of the procedure. If more than one
nodule is visible, the initial US assessment must apply to all of
them. In the case of CT, the initial assessment of subsequent
targets can be postponed to the next stage of the procedure, if
imaging of all targets is not possible in a single CT scan.

IFA is carried out by the radiologists performing the
procedure at the beginning, after the initialization of the
system. For this assessment, we introduced a dedicated scale
with the following points: very good fusion quality (IFA1),
satisfactory fusion quality (IFA2), periodic problems with
fusion, unsatisfactory quality (IFA3), incorrect initial fusion
needing manual intraoperative correction (IFA4).

IFA 1 means the radiologists' statement of the correct
overlapping of images from preprocedural examinations with
intraprocedural images. IFA 2 means small, marginal, but not
objectionable by the operator inaccuracy of image overlay. IFA
3 generally means good overlay of pre- and intraprocedural
images with significant short-term system inaccuracies
(suspensions, loss of purpose target) or a clear shift in
direction and degree that the operator can compensate for
visually. IFA 4 means a completely inaccurate fusion that has
to be corrected in the navigation software during the
procedure.

The aim of the initial assessment is to verify the correctness
of the system's operation. Finding an erroneous fusion in any
modality requires the technical team responsible for the
correct operation of the system to take immediate action to
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correct the error. A short time, specified by the operator, is
allowed for making necessary corrections (several minutes).

2.1.2. Final fusion assessment
The system's stability, and the degree of coverage of the actual
and system-calculated focal length position, is assessed after
the procedure. For this assessment of fusion stability (FSA), a
3-point scale is employed: no fusion disorders (FSA 0), short-
term fusion disorders not impeding navigation (FSA 1),
frequent fusion disorders that significantly disturb or prevent
the operator from perceiving the field correctly (FSA 2).

At the final stage of evaluation, a numerical measure is
proposed. Two sets of corresponding points are arbitrarily
selected in the US and CT images (minimum number of points
was three; average was five). These points represent charac-
teristic structures like veins, ligaments, gallbladder etc. which
were marked if visible in both modalities. Next, Root Mean
Square Error (RMSE) of chosen target points is employed
resulting in Target Registration Error used to evaluate the
calibration and patient position registration. It was defined as:

RMSE TRE ¼
ffiffiffiffi
1
N

r

where N was a number of selected points, xi and yiwere the i-th
marker positions in the first and second coordinate system,
respectively. R and t were the rotation and translation matri-
ces, respectively.

The rotation and translation matrices, representing a rigid
transformation between the US image frame of reference and
the corresponding CT slice, are calculated using Singular Value
Decomposition (SVD) [23]. Assuming X and Y as sets of
manually selected points in US and CT images respectively, we
can calculate a covariance matrix W:

W ¼ XYT

Using SVD we can decompose W into:

SVD Wð Þ ¼ USVT

The rotation and translation matrices are calculated in the
following way:

R ¼ UVT

T ¼ mX � RmY

where mX and mY are centroids of selected point sets.

2.2. Clinical material

Over the course of this study, 20 patients (9 women, 11 men)
underwent surgery using this system; mean age was 62.9 years
(standard deviation 10.6, median 62). Reporting criteria
included: 1) age, sex, and medical history of patient, 2)
description of the procedure, 3) description of the visibility
of structures in the images of both modalities, 4) significance
and possible amplitude of the displacement of the tumor or
other structure during respiratory, 5) motion in the US image,
6) initial fusion assessment and FSA on a numerical scale, 7)
the Root Mean Square Error used as Target Registration Error
measure.

Results of fusion quality assessment for cases were carried
out by a team of three radiologists, each of which possessing
over five years of experience in diagnosis and the minimally
invasive therapy of pRFA procedures (ordinal values were
agreed by the team, and numerical values were averaged from
the evaluation carried out independently by individual
persons).

The study was approved by the bioethics commission at the
Medical University of Warsaw (KB/33/2018). Principles stated
in Declaration of Helsinki on Ethical Principles for Medical
Research Involving Human Subjects were followed.

3. Results

Table 2 presents the patient information and fusion quality
measures.

Overall, a median distance of 8.87 mm was recorded. The
first and third quartiles were 6.46 and 12.76 mm respectively.
The greatest distance observed was 18.84 mm, with this case
being considered the least satisfying result of all. The IFA was
at level 4, meaning the US and CT images did not match; the
FSA approached level 2, which means severe image fusion
instability and disturbance. The shortest distance recorded
was 5.04 mm, with this case being considered the best result.
IFA was at level 2, meaning the mismatch of images was
marginal; FSA was reported at level 0, showing no fusion
instabilities. Unfortunately, no cases of IFA1 at level 1 were
recorded.

Tables 3 and 4 present RMSE descriptive statistics broken
down by the IFA and FSA values, respectively. The analysis
showed that from the presented 20 cases, 10 US and CT image
fusions retained the IFA measure at level 2, and 8 held FSA
measure at level 0, meaning that no fusion distortions were
noticed; in one case of stability a small, marginal, but not
objectionable by the operator inaccuracy of image overlay
was observed. In 8 patients IFA at level 3 was noticed; this
means that a good overlay of pre- and intraprocedural images
with significant short-term system inaccuracies (suspen-
sion, loss of purpose) or a clear shift in direction, and degree
that the operator can compensate visually, was found. In 2
cases a completely permanent and wrong fusion was
observed. In our study 9 cases of short-term fusion stability
distortions which did not impede navigation (FSA 1) were
noticed. FSA 2 was recorded in 3 patients. This meant that in
both cases frequent fusion distortions that significantly
disturbed or prevented the operator from perceiving the filed
correctly were present.

The target lesions present in the liver were visible on both
US and CT in 16 cases. When the lesion is visible in both
modalities the registration outcome is the most reliable. In 2
cases, the hepatic lesion were only visible in US examination.
Due to the patient's health state or possible allergic reaction,
there was no possibility of using contrast enhancement. In
other 2 cases lesions were not present in both the US and CT
examination. Surrounding anatomical landmarks were used
for assessing the registration quality of images.
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Table 2 – Quantitative assessment of intraoperative US and preoperative CT fusion.

Patient ID Gender Age Projection
plane

RMSE
TRE
[mm]

Localization
depth

IFA FSA Registration
times [s]

Lesion visibility
in US and CT

Annotation

1 F 71 transverse 12.84 Segment VI IFA3 FSA1 139 – A significant shift in the vertical axis
of the US image was observed,
insignificant in the horizontal axis.

2 F 62 frontal-like 6.14 Segment V IFA2 FSA0 226 US and CT A tumor clearly visible in both
modalities, a good case for verifying
fusion. The shift of CT-US images in
the fusion is very slight (in the
exhalation phase). The CT image
compensates for the acoustic shadow
that overrides the change in US
examination.

3 M 77 transverse 14.26 Segment VII IFA3 FSA1 244 US and CT A thick layer of fat tissue, strongly
pressed US probe.

4 M 77 transverse-like 12.53 Segment VIII IFA3 FSA1 175 US Poor visibility of structures in CT.
5 M ? frontal 8 Segments II/IVa IFA3 FSA0 211 US and CT A clearly visible change in the CT

modality. After making corrections,
the structures overlap sufficiently.

6 M 63 transverse 8.1 Segment III IFA3 FSA0 152 US and CT Heterogeneous tumor in CT, visible
cysts. Slight fusion images were
observed. The CT image compensates
for the acoustic shadow that obscures
the change in US.

7 F 87 transverse-like 11.59 Segment VI/VII IFA2 FSA1 116 US Firmly pressed US probe to the
abdomen.

8 M 63 transverse 18.84 Segments VI IFA4 FSA2 330 – Periodically, marker visibility was
lost. Image coverage with slight shift
in the vertical axis of the US image.

9 F 64 sagittal-like 10.53 Segment VI IFA2 FSA0 106 US and CT A clearly visible outline of the liver in
both modalities. After correction, the
coverage of the images is sufficient.

10 M 57 transverse 15.93 Segment VII IFA4 FSA2 280 US and CT Highly visible dishes and liver outline
both in US and CT scans.

11 M 49 transverse 7.41 Segment II IFA3 FSA1 196 US and CT Image fusion is periodically unstable.
After correction in 2 axes, the
structures overlap satisfactorily.

12 M 59 transverse 8.78 Segments V/VIII IFA2 FSA1 105 US and CT Highly visible blood vessels. Adipose
tissue was compressed to a depth of
about 8 mm (based on the
measurement of the thickness of
subcutaneous fat) and intraperitoneal
in CT and US in a similar location.
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Table 2 (Continued )

Patient ID Gender Age Projection
plane

RMSE
TRE
[mm]

Localization
depth

IFA FSA Registration
times [s]

Lesion visibility
in US and CT

Annotation

13 M 74 transverse-like 16.22 Segment VII IFA3 FSA2 271 US and CT Periodically unstable image. A visible
lesion in USG and CT

14 F 43 transverse-like 6.075 Segment V IFA2 FSA0 177 US and CT Clearly visible cyst in both images,
visible vessels in CT, US probe
strongly pressed to the abdomen.

15 M 61 transverse 7.41 Segment II/III IFA2 FSA1 121 US and CT Visible vessels, USE Doppler was
used. Moderately good coverage of
structures.

16 F 52 transverse 5.7 Segment VIII IFA2 FSA0 211 US and CT Highly visible dishes in both
modalities. After correction, the
images overlap sufficiently, matching
was possible due to the visibility of
the change in both modalities. Fatty
compression at level was observed
1 cm on US image in relation to CT.

17 F 73 frontal-like 11.19 Segment VII IFA2 FSA0 146 US and CT Highly visible dishes in both
modalities. Images overlapped after
slight correction to a satisfactory
degree.

18 F 66 transverse-like 8.96 Segment V/VI IFA3 FSA1 119 US and CT After correction, the cyst coverage is
correct.

19 F 52 transverse 5.04 Segment II IFA2 FSA0 105 US and CT The fusion is correct, the quality is
satisfactory.

20 M 44 transverse 6.01 Segment VII/VIII IFA2 FSA1 132 US and CT The fusion is correct, the quality is
satisfactory.
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Table 3 – RMSE descriptive statistics for Initial Fusion Assessment levels (presenting order: counts, median, first-third
quartile 15-, min, max).

Case group Counts Median (mm) First quartile (mm) Third quartile (mm) Min (mm) Max (mm)

Overall 20 8.87 6.46 12.76 5.04 18.84
IFA 2 – no fusion disorder 10 6.14 5.7 10.53 5.04 11.19
IFA 3 – good overlay 8 10.75 8.03 13.91 7.41 16.22
IFA 4 – permanently wrong fusion 2 17.39 16.66 18.11 15.93 18.84

Table 4 – RMSE descriptive statistics for Fusion Stability Assessment levels (presenting order: counts, mean, standard
deviation, min, max).

Case group Counts Median
(mm)

First quartile
(mm)

Third quartile
(mm)

Min (mm) Max (mm)

Overall 20 8.87 6.46 12.76 5.04 18.84
FSA 0 – no fusion disorders 8 7.07 5.79 9.92 5.04 11.19
FSA 1 – short-term fusion disorders not
impeding navigation

9 8.96 7.41 12.69 6.01 14.26

FSA 2 – frequent fusion disorders that
significantly disturb prevent the operator
from perceiving the field correctly

3 16.22 16.07 17.53 15.93 18.84
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The times required for performing registrations are measured
in the software. The time of automatic phase is calculated as
period between initialization (user input) of the first phase and
the successful result of registration.

The time of manual phase is measured from the starting of
the phase (user input), throughout the selection of target
points, until successfully performing registration by the
software.

The duration of the first automatic phase is approximately
2 min; this is the time needed to assign unique labels to auto-
detectable markers in CT, and is performed before the start of
the procedure. The second manual phase takes approximately
3 min, on average; this requires entering a minimum of 3 pairs
of corresponding points.

4. Discussion

Ablation of liver tumors is performed either percutaneously,
laparoscopically or in open procedures. The operator faces
different challenges in each of these techniques. From the point
of view of invasiveness of the method, percutaneous techni-
ques are the least invasive for the patient, at the same time the
most difficult to localize the precisely damaged lesion in the
intraoperative conditions by the operator. So we are dealing
with a clinical compromise, which is decided by the operator,
whether the application is more difficult less invasive
technique or simpler more invasive. The work proposes a
fusion technique supporting percutaneous technique.

In the developed method, a pre-operative image acquisition
protocol, which is performed after complete anesthesia of the
patient and is based on the respiration regulation by the
ventilator and the patient's position during the procedure was
proposed. This allows for maximum repeatability of bio-
mechanical conditions for preoperative imaging with repeated
surgery conditions. Below, the obtained results are more
broadly referred to the work of other authors in relation to
laparoscopic techniques, non-rigid registration, ablation vali-
dation and other related topics.

Similar study was presented by Kang et al. [24] where the
usefulness of 3D CT-2D US virtual fusion on exhalation
compared to real inspiration fusion was quantified. The 3D
US imaging was used to generate the exhaled image. The 3D CT
was performed on exhalation or on inhalation and exhalation
(depending on the doctor's decision). In our method the fusion
was carried out on the exhalation to compensates for
breathing movements. Additionally, we did not use 3D US
because many facilities (including those where tests were
carried out), do not have an ultrasound to which the 3D US
head can be attached. In addition, it is not possible to transmit
3DUS images in real time.

Direct comparison of results is not straightforward. Based
on a literature review, the mean square registration error is
commonly used as a measure of fusion evaluation, and the
metric coincides with the RMSE error defined in the paper. On
the other hand, no results were found corresponding to the
nominal expert scale proposed in the work (Initial fusion
quality assessment: IFA1, IFA2, IFA3, IFA4 and final fusion
assessment: FSA 0, FSA 1, FSA 2), therefore the comparison is
focused on the value of the registration error.

The results presented here are comparable with those
obtained in other works. Wein W et al. [25] (point-based
9.7 mm, rigid 9.0 mm and affine registration 8.1 mm) proposed
a method of US image simulation based on CT images and
automatic registration method. Based on 25 patients, the
author obtained a registration error at the median level of
8.1 mm with a range of 3.0–21.5 mm. In turn, Mauri et al. [26]
(rigid) presented a single-plane automated method based on
covering the vascular structure mask visible in both modalities
which was tested on a group of 9 patients (6 males, 3 females;
age range: 53–87, mean age: 68), scheduled for percutaneous
thermal ablation of liver lesions, underwent CT–US fusion
obtained using automatic registration. An error with median
value of 6 mm was obtained.
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In a publication from Tang and colleagues [27], a group of 77
patients achieved a success rate of 84%, defined as coverage of
the planned zone before surgery with the ablation zone
verified in CT after surgery. However, the fusion method
required matching the content of US images based on the
portal vein branch. The time required for fusion synchroniza-
tion was on average 14 min (in the range of 5�55 min). Mauri
et al. [12] showed ablation success in 90% of 295 cases; correct
registration took from 5 to 20 minutes. A clinical evaluation of
spatial accuracy of CT and Real-Time US fusion for imaging
liver metastases was proposed Hakime et al. [28]. With the use
of the volume-based fusion imaging system Vnav, and finding
characteristic anatomical landmarks, the authors acquired a
7.05 mm registration distance. In AJ et al. (2019) [29] a
comparison for usage of CT-US fusion fine needle aspiration
with simple US guidance is presented. A Philips PercuNav
Image Navigation system was used for performing image
fusion. The resulting fusion fitness values were on average
equal to 4.5 mm but it was required to repeat the registration
process three times for 5 of patients, and this significantly
extended the time it took to prepare the fusion.

Yamid et al. [30] proposed a hybrid semi-automatic
registration method allowing to impose a biomechanical
model on the laparoscopic image of the liver. The average
registration error was about 10 mm, and the average time
needed for registration was 5.56 min. The results of the
method proposed in the article are slightly better in terms of
accuracy and time consumed. Robu et al. [31] proposed a fast,
global method for the initial rigid alignment between a 3D
mesh derived from a preoperative CT of the liver and a surface
reconstruction of the intraoperative scene. The authors only
evaluated graphically the quantitative assessment of the
proposed method on video films from laparoscopic liver
resection. Referring to the obtained approx. 90% positive
qualitative fusion validation (Table 2 18 of 20 cases, Table 3–17
of 20 cases) a good qualitative assessment of the proposed
method can be found. Fusaglia eta al. [32] presented an
approach for application in laparoscopic liver surgery, which
reconstructs an intraoperative volume of the underlying
intrahepatic vessels in real time through an ultrasound (US)
sweep process. The authors obtained the average registration
accuracy between preoperative 3D CECT and reconstructed 3D
US of 7.2 mm in the left lobe and 9.7 mm in the right lobe of the
liver. The average time required for performing the registra-
tion was 12 min. The results of the method proposed in the
article are comparable in accuracy, and much better in terms
of time consumed.

The IFA and FSA nominal scales for fusion assessment were
introduced as an attempt to measure the operator's satisfac-
tion. In the initial assessment of fusion, 10 out of 20 cases were
classified as satisfactory (IFA2 - Table 2). In the final
assessment of the fusion, 17 cases were classified as FSA0
and FSA 1 (Table 2). The final grade was better than the initial
grade because it included the possibility of manual correction.
Image fusion was classified as unsatisfactory in only 2 cases.
Comparing our results with those of others, in the scope of
quantitative assessment, this method (based on one or two
rigid transformations) achieves comparable effects to other
methods in this transformation class (8.87 mm vs 8.5 [8],
9.0 mm [25] and 11 mm [26]), while reducing significantly the
time needed to complete registration (3 min vs 14 min [27],
from 5 to 20 minutes [12]), while maintaining a level match
success rate of 90% (90 % vs 84% [27] and 90% [12]). Non-rigid
methods achieving better results require finding anatomical
correspondence in the content of CT and US images (6.0 mm
[26], 7.05 [28], 8.1 [25]), which is not possible in all locations
where there are focal changes in the liver, and also
significantly increases the duration of the procedure.

With regard to deformability of the liver during pRFA, the
non-rigid registration of 2D US images from 3D CT is
challenging. Due to the low signal-to-noise ratio and contrast
in the ultrasonic image, reflection of organ and tissue
boundaries, and acoustic shadows caused by hard structures
of the rib arches it is difficult to track changes in shape [36]. We
compared our study with non-rigid registration of images.
Huang et al. [10] proposed a modification of non-rigid demons
registration. No calculation time was given. The method was
validated only graphically and qualitatively on images from
one patient, so it is not possible to directly compare the results.
Weia et al. [37] proposed a registration method which is
focused on both, the vessel structures and the boundary of the
liver segmented in US images using a 2D UNET architecture.
Correct registration in the error range of 1�30 mm was
obtained for 70% of images. The method can process from 2
to 5 frames per second. Our method has achieved comparable
results and enables processing of 10–20 frames per second
(restrictions are only due to the performance of marker
tracking by the position tracking system - the declared time
resolution of the ClaronNav Hx 40 is 20 frame per second) while
not relying on the visibility of vascular structures in the image
content. This is an advantage, especially when lesions are
localized in any organ parenchyma and the 2D US projections
show no vascular structures.

As for validation of outcomes after the pRFA procedure,
Pohlman et al. [3] proposed a fusion method for validation of
the ablation area using a rigid and affine transformation
composite, based on the visibility of the ablation needle in
both ultrasound and CT images. Cazoulat et al. [38] proposed a
method of registering CT images taken before and after
surgery using a biomechanical model of the liver, additionally
using information about the displacement of vascular struc-
tures. Hendriks et al. [39] used a semi-automatic 3D CT
registration method before and after surgery to predict the
development of cancer. Kanoulas et al. [40] enhanced the 2D
US head scanning method, by taking a few minutes to obtain a
map of vascular structures in a static 3D image of the scanned
organ. In another work, Luu et al. [2] proposed a method for
registering pre-treatment 3D CECT with intra-operative 3D CT
without contrast enhanced. With regard to the proposed
method, this work is beyond our scope, as the presented
method supports the earlier stage of introducing the ablation
needle on the basis of preoperative CT, where the needle is not
visible. In addition, in the facility where evaluations were
carried out, radiologists do not insert the needle in the
ultrasound image plane (using a biopsy attachment), which
means that the entire needle is also not visible in ultrasound
images. As in the case of works [38,39], we do not perform CT
after surgery. A method of predicting early tumor recurrence
after ablation based on the radiomical features of 3D CECT
images after surgery was proposed by Yuan et al. [41]. That
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approach supports further patient diagnostics and can be
treated as a supplement to the proposed approach. Referring to
work [40] static scanning does not capture dynamic changes in
the shape of the liver during breathing. In addition, CEUS
enhances the visibility of the pathology for 1–2 seconds, so it is
not used in all facilities to support pRFA. In reference to the
work [2], the proposed method did not use intraoperative CT
images or CECT-CT fusion. Independent work is underway on
the effective selection of an ablative antenna. Lee et al.
proposed a thin coaxial antenna with a better absorption
coefficient [42]. Gas [43] proposed a method of structure
optimization of multi-slot coaxial antennas to get the best
impedance matching with the treated tissue.

When considering the limitations of our study, most
prominent of these would be the small subject group (20
patients); a larger study is needed to clearly assess a quality
measure of the proposed method. It is worth noting, however,
that our method was designed to be universal to any type of US
probe - the probe grip is adjustable, and the calibration
procedure is the same overall (this makes the approach
applicable to most US machines typically used in the hospital
environment). The fusion itself was performed by 3 coordi-
nators. Also, an advantage of our study was the fact that the
fusion assessment was performed immediately after the
procedure, instead of in a retrospective manner.

Furthermore, a robust method of determining characteris-
tic points on US images should be implemented. Search for the
points should be based on clearly visible lesions, places of
bifurcation of the vessels, and not points on the surface of the
liver, for example, the shape of which may change during the
procedure and under compression of the US probe. Preparation
of the patient before the procedure takes very little time, and
does not require corrections. In future it may be possible to
reduce the amount of time required to transfer CT data from
scanner to workstation.

The more superficial changes, i.e. closer to the US probe,
imaged especially on cross sections, showed the highest
fusion accuracy. In future, focus should be placed on obtaining
the maximum overlap of CT and US images in the area of
deeply located changes, also. In our opinion, ad hoc improve-
ment in coverage can be achieved by making adjustments that
consider image shift resulting from compression of body shells
with an US probe. Perhaps extending the duration and adding
other methods of acquisition of US images would be
worthwhile, in order to increase the amount of available
video material.

As mentioned previously, the high-frequency ventila-
tion respiratory support allows for better control of the
respiratory motion. It reduces the amplitude of breathing
signal and lowers the overall dose-length product com-
pared with conventional ventilation used during estimation
of breathing motions with CT scanning [17]. Because of this,
it finds application in surgery guiding techniques. However,
this method cannot be used for patients with Chronic
Obstructive Pulmonary Disease, obesity or recent pneumo-
thorax. It carries also a higher risk of causing barotraumatic
pneumothorax. Considering that the average age of the
patient group was 62.9 years old, use of high-frequency jet
ventilation was contraindicated. Future research in this
field is needed.
Localization of the needle tip is a crucial task that increases
the overall performance of computer aided pRFA. Due to
subcutaneous fat, severe cirrhosis and fatty liver the inserted
ablation needle is obscured or when changing the position of
the needle, because of previous ablation zone, the needle
becomes invisible to the operator. It is impossible to perform
the puncture when the information about obstacles like
vessels or the gallbladder in the way of the needle is lacking
[44]. Sometimes the tip of the bipolar electrode may be unclear
in B-mode US imaging [45]. According to studies of biopsy
procedures, deflection of needle may occur [46]. Therefore,
further studies should account for localization of the pRFA
needle in US images to study the precision of insertion of the
needle into the target lesion.

5. Conclusion

The method for evaluation of preprocedural 3D CT and
intraprocedural 2D US image fusion for support of percutane-
ous liver tumor ablation was presented. The primary focus of
this research was to evaluate the in-vivo performance of the
previously proposed fusion method for supporting pRFA
procedures. Use of rigid registration method allowed real-
time 2D US and 3D CT image fusion with any 2D US probe
(neither CEUS nor 3DUS is required).

The next step is to evaluate percutaneous ablation on a
wider group of patients, with follow-up of and analysis for
cancer recurrences in correlation with coverage ratio of tumor
volume by an ablative lodge. In more complex methodology,
the developed method can be treated as a good initialization of
deformation methods, while it is refreshed several times per
second in real time during the procedure.

Clinical research on application of proposed method to
other organs is needed. A potential use for kidney interven-
tions, providing less risk of damaging structures such as renal
vessels, renal pelvis, adrenal glands, spleen and colon due to
the tracking of the needle path, or for the less visible tail of the
pancreas is substantial. Consideration should be given to the
displacement of the entire organ, relative to the lying hollow
organs, due to the pressure of the ultrasound head.

Furthermore, taking into account a patients group of
younger age, high-frequency jet ventilation should be applied
to decrease the respiratory motion amplitude, thus possibly
leading to better registration results.
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