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Abstract: A rigid surface–volume registration scheme is presented in this study to register computed
tomography (CT) and free-hand tracked ultrasound (US) images of the talocrural joint. Prior to
registration, bone surfaces expected to be visible in US are extracted from the CT volume and bone
contours in 2D US data are enhanced based on monogenic signal representation of 2D US images.
A 3D monogenic signal data is reconstructed from the 2D data using the position of the US probe
recorded with an optical tracking system. When registering the surface extracted from the CT scan to
the monogenic signal feature volume, six transformation parameters are estimated so as to optimize
the sum of monogenic signal features over the transformed surface. The robustness of the registration
algorithm was tested on a dataset collected from 12 cadaveric ankles. The proposed method was
used in a clinical case study to investigate the potential of US imaging for pre-operative planning of
arthroscopic access to talar (osteo)chondral defects (OCDs). The results suggest that registrations with
a registration error of 2 mm and less is achievable, and US has the potential to be used in assessment
of an OCD’ arthroscopic accessibility, given the fact that 51% of the talar surface could be visualized.

Keywords: talocrural joint; freehand ultrasound; registration; osteochondral defect

1. Introduction

(Osteo)chondral defects (OCDs) of the talocrural joint predispose patients to premature
osteoarthritis (OA), if left untreated [1–3]. Adequate treatment of OCDs is highly essential, since both
OCD and OA adversely affect the patients’ quality of life with joint pain and dysfunction [2].

There are various surgical treatment options for talar OCDs including “the excision of the lesion,
excision and curettage, excision combined with curettage and drilling/microfracturing, placement of
an autogenous bone graft, antegrade drilling, retrograde drilling, osteochondral transplantation
and autologous chondrocyte implantation” [4]. The failure rates (i.e., number of unsuccessfully
treated patients × 100/number of treated patients) of these treatment strategies can go up to 70%
(range 0–70%) [4,5]. The exact reasons for the failure of the treatment are often not completely clear,
preventing formulation of effective individual treatment strategies. This could, at least partially, be due
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to a lack of knowledge on cartilage tissue regeneration in-vivo [6]. To understand the nature of cartilage
healing in-vivo and in turn to devise treatment scenarios, longitudinal monitoring of OCDs of patients
in short intervals could be helpful [7,8].

Ultrasound (US) imaging facilitates frequent evaluation of patients [9] in time, because it is
non-invasive, cost-effective, and easily accessible [10]. Recent studies have shown that US could be used
to image cartilage and bony abnormalities (e.g., cortex irregularities) [7,11]. Reproducible evaluation
of OCDs with US would be, however, challenging. This is because, US images cannot so easily be
interpreted and compared over time without having access to the talocrural joint anatomy provided
by other modalities, such as computed tomography (CT). To monitor the post-operative tissue
regeneration and evaluate any changes in the OCDs as a result of the treatment, US images of the
patient could therefore be registered to and used in conjunction with pre-operative CT scans of the
same patient.

In the literature, numerous US to CT bone registration schemes have been previously presented,
which include feature- and/or intensity-based techniques [12–24]. Referring to feature-based
techniques, the registration of bone surfaces extracted from both CT and US volumes using a
variant of the iterative closest point (ICP) [25] is a common approach. In the study carried out by
Muratore et al. [18], ICP technique was used to register vertebral bone surfaces derived from both
CT and US volumes. Barratt et al. [12] presented a surface-based registration algorithm that can
simultaneously update the freehand tracked US system calibration parameters. Another point-based
US to CT registration scheme was described by Moghari et al. [16]. In [16], Unscented Kalman Filter
was used to estimate rigid transformation parameters needed for registering two point sets extracted
from CT and US images. In the study presented by Brounstein et al. [13], point clouds derived from
CT and US volumes were represented as Gaussian Mixture Models (GMM). The registration of two
point clouds was realized by minimizing the dissimilarity measure (i.e., L2 distance metric) [13]. In the
study [14], the previously proposed GMM surface registration algorithm was improved. Regarding to
intensity-based registration techniques, Penney et al. generated probability images from both the
CT and US volumes. A normalized cross correlation metric was used as a similarity measure to
register the probability images [17]. Winter et al. [19,26] described a surface–volume registration
scheme to register US volume with enhanced bone contours to bone surface points culled from
CT volume. Nagpal et al. [22] presented a multi-body registration technique, which maximizes
the similarity between CT and US data using features derived from the two modalities and voxel
intensity information.

All these previously presented registration schemes have been applied to long bones [17,21],
vertebrae [19,22,23], and pelvis [16,17,24]. Although, there is no limitation in theory for applying
previously described registration techniques to the talocrural joint, none of the studies have focused
on this anatomical location. It is therefore not clear how these registration techniques perform
individually and relative to each other when dealing with US images of the talocrural joint. Accordingly,
a rigid surface–volume registration scheme is presented in this study in order to match CT and
freehand-tracked US images of the talocrural joint. The robustness of the registration algorithm to
different initialization positions and to the sampling of US data was evaluated on a dataset collected
from 12 cadaveric ankles. The presented scheme was also used in clinical practice to evaluate the
potential of US imaging as an alternative to a CT scan in pre-operative planning of arthroscopic access
to anterior talar OCDs [27]. The contributions of this study are twofold: (1) the talocrural joint is the
main focus as an anatomical location, and (2) the question about the potential use of US imaging in
clinics has been addressed for the first time, while assessing the performance of the registration scheme.
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2. Materials and Methods

An overview of the registration scheme is presented in Figure 1. Initially, freehand-tracked 2D US
images and a CT scan of the talocrural joint of the same patient are acquired. In the pre-processing step
of the CT scan, a point set is extracted from the distal tibial and talar bone surfaces. Simultaneously,
bone contours in 2D US data are enhanced based on the monogenic signal representation of 2D US
images [28]. Subsequently, 3D US image with enhanced bone contours is reconstructed from the
preprocessed 2D US data and using the position of the conventional US probe that was recorded
with an optical tracking system. During the registration of the surface extracted from the CT scan to
the monogenic signal feature volume, six transformation parameters (three for rotation and three for
translation) are estimated so as to optimize the sum of monogenic signal features over the transformed
surface extracted from the CT data. The CT and US data are considered as “fixed” and “moving”
images, respectively, during the registration.

In the following paragraphs, the methods used for acquisition of freehand-tracked 2D US images
and CT scan of the talocrural joint are provided first. Subsequently, the steps in the proposed
registration scheme are extensively described. Then, the details of the tests performed on the acquired
data to evaluate the precision of the registrations are provided. Finally, the methodology applied in a
clinical study is presented.

2.1. Test Data Acquisition

A test dataset consisting of CT scans and freehand-tracked 2D US images of 12 cadaveric ankles
was collected at Academic Medical Center (AMC, Amsterdam, The Netherlands). For the use of the
cadaveric ankles, permission from the Medical Ethical Committee of AMC was not needed.

Each cadaveric ankle was tightly fixed on a foot-plate in maximal plantar flexion with straps to
avoid any movement between acquisition of CT scan and US sweeps (Figure 2a). Six fiducial markers
were attached to the foot-plate (i.e., four markers on top of the foot-plate and two markers underneath),
which are visible in the CT scan. These markers were pointed out with an external pointer and recorded
during the US data acquisition (Figure 2a).

2.1.1. CT Scans

CT scans were acquired using a Philips Brilliance 64 CT scanner (Philips Healthcare,
Best, The Netherlands). The acquisition parameters were: effective dose 150: mAs/slice, rotation
time: 0.75 s per 360◦, pitch: 0.875, slice thickness: 0.6 mm, and ultra-high-resolution mode.
Tomographic reconstructions were made with a field of view of 154 mm, a slice increment of 0.3 mm,
and a matrix of 512 × 512 pixels. The voxel sizes were 0.3 mm × 0.3 mm × 0.3 mm.
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Figure 1. Overview of the rigid surface–volume registration scheme to match computed tomography
(CT) and ultrasound (US) images of the talocrural joints. CT and US images are pre-processed before
the registration. During the pre-processing step, surfaces of bones (i.e., tibia and talus) that can be
visualized with US in maximal-plantar flexed ankle are extracted from the CT image and bone contours
in freehand tracked 2D US images are enhanced using intensity invariant local-phase based approach
and bone shadow information. The 3D bone response data is reconstructed from 2D enhanced US
images using the position of the US probe that had been recorded with an optical tracking system.
Registration is initialized at a location defined using the position of the six fiducials in the US and
CT spaces.
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Figure 2. Experimental settings in the ultrasound room. (a) Prior to CT imaging and US sweeping,
each cadaveric ankle was placed on a foot plate in maximal plantar flexion and was tightened using
straps. The US probe on which the position sensor mounted was slowly swept over the cadaveric
ankles and the position of the probe was recorded using (b) the optical tracking camera.

2.1.2. Freehand Tracked 2D US Images

For the US data acquisition, an iU22 xMatrix scanner (Philips Healthcare, Best, The Netherlands)
(Figure 2b) was used together with a 17- to 5-MHz broadband linear array probe (Philips Healthcare,
Best, The Netherlands) (Figure 2a). The position of the US probe was recorded by the means of a Polaris
optical tracking system (Northern Digital Inc., Waterloo, Ontario, Canada) (Figure 2b), by mounting a
passive reflective marker to the US probe that was followed by the tracking camera (Figure 2a) (3D root
mean square volumetric accuracy of the position sensor ≤ 0.25 mm).

The navigation system CustusX (SINTEF, Trondheim, Norway) [29], which allows for connections
between the US scanner and the optical tracking system, was employed for data acquisition and
reconstruction of the 3D US data from 2D US images. Prior to US data acquisition, the US probe was
calibrated (calibration error = 0.23 mm) using a point target phantom [30].

The US imaging parameters (e.g., depth, gain) were set by an experienced radiologist specialized
in musculoskeletal ultrasound imaging. For each cadaveric ankle, two different sweep types,
namely “Sweep Type I” and “Sweep Type II”, were performed. In the “Sweep Type I”, the US
acquisition started at the medial side of the talocrural joint with the probe placed perpendicular to the
foot, on the deltoid ligament. The US probe was moved from the medial side to the lateral rim of the
talus in such a way that the tibial rim and the dorsal surface of the talus were constantly visualized.
The “Sweep Type II” involved positioning the probe slightly more proximal, supplemented with a
return sweep back to the starting position on the medial side with the probe positioned more distally at
the lateral rim of the talus. During each acquisition, the US probe was moved slowly (i.e., minimum of
twenty seconds spent) over a cadaveric ankle while aiming to keep complete contact between the US
probe and the cadaveric skin. After both sweeps, the position of the six fiducials was recorded using a
calibrated pointer and the CustusX software.

2.2. Data Preprocessing

2.2.1. Surface Point Extraction from CT Data

Both talus and distal tibia were segmented from each CT scan using Mimics (version 14.01,
Materialise, Leuven, Belgium) to yield triangulated surfaces. During the segmentation of the bones, a
similar procedure as described by Tümer [31] was followed.

Regions on the triangulated bone surfaces that can be visualized with US (Figure 1) were defined
and isolated from the rest using custom-made code developed in Matlab (Matlab 2013b, The Mathworks
Inc., Natick, MA, USA) (details in Supplementary Material). The vertices of the triangles located on
the isolated surfaces were extracted.
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2.2.2. Bone Surface Enhancement in Ultrasound

Bone contours in 2D US images were enhanced using an intensity-invariant local-phase
technique [32–35]. Following [34], a local phase-based feature detector “Phase Symmetry (PS (x, y))”,
which is sensitive to the ridgelike edges observable at the bone boundaries in the US images was
used. The PS was defined based on the monogenic signal representation [36] of 2D US images
(Figure 3a) (details in Supplementary Material). As PS has high response at symmetry locations [37],
other features such as soft tissue-muscle interface were also enhanced together with bone contours
(Figure 3b). To highlight the bony contours further, bone shadow information [37] was taken into
account. Briefly, the weighted sum of intensity values of pixels extending from a pixel of interest was
used to quantify the shadow:

SH(x, y) =
∑H

j=x G(j, y)U(j, y)

∑H
j=x G(j, y)

, (1)

where SH(x, y) is the shadow value for a pixel at row x and column y of the US image. H and
G(.) represent the total number of rows of the image U(x, y) and the Gaussian weighting function,
respectively. Combining PS and shadow information, the bone responses BR(x, y) [37] (Figure 3c) that
represent 2D US image with enhanced bone contours were obtained:

BR(x, y) = PS(x, y)·SH(x, y), (2)
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response map obtained based on the product of PS and the shadow values (SH).

2.3. 3D Bone Response Data and US to CT Registration

A 3D bone response data was reconstructed from 2D enhanced US images (i.e., BR) using the
position information of the US probe.

For each of 24 US sweeps (i.e., 12 cadaveric ankles× 2 sweep types), the registration was initialized
at a location defined using the position of the six fiducials in the US and CT spaces.

The objective function, which was optimized during the registration, was the sum of the bone
response values over the transformed surface extracted from the CT data:

f
(
α, β, γ, ∆x, ∆y, ∆z

)
= f (x) =

N

∑
i=1

BR
(

Rαβγ·pi +
(
∆x, ∆y, ∆z

)T
)

, (3)

where N is the total number of sampling points p lying on the surface extracted from the CT data,
Rαβγ is the rotation matrix that depends on the angles α, β, and γ (i.e., rotation parameters expressed
in rad), and ∆x, ∆y and ∆z are the translational parameters in mm.

Six transformation parameters (i.e., three for rotation and three for translation) were estimated
using the Covariance Matrix Adaptation Evolution Strategy (CMA-ES) [38], as the technique can
be used for medical image registration tasks [26] and evolutionary algorithms have been reported
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to be robust [26,39,40]. During the optimization, a box constraint was applied in a way that the
transformation parameters stayed in the range of ±0.2 rad (±11.5◦) and ±5 mm surrounding the
initialization location (i.e., α, β, γ, ∆x, ∆y and ∆z were all equal to zero at the start of the registration).

A similar stopping criterion was applied as described by Winter et al. [26]. Registrations were
stopped, when the relative progress of the best individuals over the last 10 generations dropped below
the threshold, fthr = 10−6. With the aim of decreasing the possibility of registration algorithm to
get stuck in local maxima, multistart optimization was performed. The optimization algorithm was
restarted once the stopping criterion was met from the same initial position together with all the
strategy parameters of the CMA-ES reset to their initial values [26].

2.4. Evaluation of the Registrations

A reference registration for each cadaveric ankle was identified in a similar way as described by
Winter et al. [26]. For each of the 24 US sweeps, the registration algorithm was run 20 times, following
an initialization at a location defined using the position of the six fiducials in the US and CT spaces.
Among the 20 registrations per sweep, the one having the highest fitness value was picked as the
reference registration. The validity of the reference registrations was visually checked.

The registration algorithm was run 100 times for each US sweep with initial misalignments
(i.e., Test I). Taking each of the 24 US sweeps into account, a set of 100 initialization positions was
determined by transforming the reference registration to a position away from its assumed optimum.
The transformations were randomly created using a uniform distribution with rotation and translation
parameters ranging between ± 0.2 rad (±11.5◦) and ± 5 mm, respectively. The initial position and
the position of a volume after registration were compared to the position in the defined optimum
(i.e., diRMS, d fRMS) by calculating the root-mean-square (RMS) target registration error (TRE) [17]:

d fRMS =

√
1
N ∑

x
‖ TREGx− TREFx ‖2 (4)

where x is a point set extracted from 3D US data and N is the number of points in the set. TREG and
TREF represent transformation matrices obtain as a result of a registration and as a result of the
reference registration.

To assess the effects of the 3D US volume “density” on the performance of the registration
algorithm (i.e., Test II), the amount of collected 2D US slices in each US sweep was decreased 25% by
randomly leaving out slices. The registration algorithm was run 100 times for each US sweep starting
from the same initial position using 75% of the full data. The position of a volume after registration
were compared to the position in the defined optimum (d fRMS) according to Equation (4).

During evaluation of the Test I and II results, registrations having d fRMS values higher than 2 mm
were considered as failures.

2.5. Clinical Study

To understand whether US imaging could be an alternative to a CT scan in pre-operative planning
of arthroscopic access to anterior talar OCDs, the percentage of the talar cartilage surface that could
be visualized with US imaging was determined following a similar approach as described by van
Bergen [41]. Two observers analyzed the US data of 12 cadaveric ankles that were registered to the CT
scans of the same cadaveric ankles using the proposed registration scheme. Each observer, using a
custom-made code [41] developed in Matlab (Matlab 2016b, The Mathworks Inc., Natick, MA, USA),
defined the percentage of the visible talar dome contour (i.e., the arc length of the anterior talar dome,
α divided by the arc length of the complete talar dome, α + β) (Figure 4) on 2D slices extracted from
the lateral, central, and medial aspects of the talus. To evaluate the intraobserver reliability, the data
was assessed one more time by one of the observers. Average percentages of the visible talar dome
contour were calculated for each location and for each observer.
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Figure 4. Sagittal view of one of the US volumes registered to the CT scan. The visible cartilage and
cartilage covered by the tibia are represented, respectively, with α and β. The percentage of the visible
cartilage was defined as the ratio of α to α + β (i.e., the total cartilage surface).

3. Results

An example from Test I, which depicts the initial misalignment and the final registration is given
in Figure 5. The visualization shows that it is possible to register US to CT images of the talocrural
joint quite well using the proposed registration scheme.Sensors 2018, 18, x FOR PEER REVIEW  8 of 15 
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Figure 5. A visualization of one of the successful registrations achieved in Test I. (a) the 3D view (b)
Axial view (c) Coronal view and (d) Sagittal view. US volume in purple color represents the data at
initialization position prior to registration. US volume in green depicts the result of the registration.
Dashed lines in yellow highlight the contours of the tibia and talus observed in both axial and sagittal
views. Arrows in red shows that US volume goes from its initial position (i.e., US volume in purple) to
its final position (i.e., US volume in green).
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Table 1 shows the number of successful registrations achieved in Test I and the mean of the diRMS
values together with d fRMS averaged over all successful registrations. The success rate across all the
US sweeps in ‘Sweep Type I’ and ‘Sweep Type II’ were, respectively, 46% and 59%. The mean of the
d fRMS values averaged over all successful registrations in “Sweep Type I” and “Sweep Type II” were,
respectively, 0.9 mm ± 0.5 mm and 0.8 mm ± 0.3 mm.

Results of the Test I are displayed as plots of d fRMS vs. diRMS for the US sweeps showing the
best (i.e., 99% for both the “Sweep Type I” and “Sweep Type II”) and worst success rate (i.e., 1% for
the “Sweep Type I” and 0% for the “Sweep Type II”) at a total of 100 registrations each (Figure 6a,b).
No clear relationship could be detected between the registration failure and the distance of the initial
point from the defined reference. Registered bone surfaces and 3D bone response volumes given
for the US sweeps with the best and worst success rate in Test I (Figure 6c–f) show that similar
regions in each sweep type were scanned during the US data acquisition. Regarding the raw 2D US
slices extracted from the “Sweep Type I” and “Sweep Type II” sweeps with the worst success rate
(Figure 6h,j), soft tissues seem to stand relatively closer to the bony contours as compared to those
seen in the ones obtained from the US sweeps with the best success rates (Figure 6g,i). The scanline
profiles presented in Figure 6h,j show the intensity values of the pixels crossed by the two vertical lines
(red and blue). Based on these profiles, it could be noted that soft tissues surrounding the bone may
have higher intensity values as compared to those of the bony contours.

Table 2 shows the number of successful registrations achieved in Test II and the mean of the d fRMS
values averaged over all successful registrations for each of 24 US sweeps. The average success rate
was 47% and 58%, respectively, in “Sweep Type I” and “Sweep Type II”. The mean of the d fRMS values
averaged over all successful registrations in “Sweep Type I” and “Sweep Type II” were, respectively,
0.7 mm ± 0.4 mm and 1.0 mm± 0.6 mm. For 1 out 12 US sweeps with reduced “density” in “Sweep Type
II” registrations consistently failed, while it was the case for 5 US sweeps in “Sweep Type I” (Table 2).
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Figure 6. Plots of the d fRMS values vs. the diRMS values calculated over 100 registrations are given for
(a) the ‘Sweep Type I’ US sweeps (b) the ‘Sweep Type II’ US sweeps showing the best and worst success
rate in Test I. Black (n = 100) and red (n = 100) dots in (a) are samples retrieved from a set of registrations
performed for the ‘Sweep Type I’ US sweeps with the best and worst success rate, respectively. In a
similar manner, those (nblack = 100 and nred = 100) in (b) are related to a set of registrations run for the
‘Sweep Type II’ US sweeps with the best and worst success rate. Visualizations of 3D bone response
volumes of the ‘Sweep Type I’ US sweeps (c) with the best and (d) the worst success rate, and of the
‘Sweep Type II’ US sweeps (e) with the best and (f) the worst success rate in the Test I are shown.
Original 2D slices taken from the US sweeps (c–f) are presented in a corresponding manner (g–j).
The intensity profiles of the two vertical lines (i.e., intensity vs. distance along profile graphs shown
in red and blue correspond to the lines drawn in red and blue, respectively) displayed in (h) and (j)
indicate that the ridge-like edge feature corresponding to the expected bone boundary can be weaker
than those related to the soft tissue interface. Thin and thick arrows shown in green and purple point
to the ridge edge features linked, respectively, to soft tissue interface and bone boundary.

The results of the clinical case in terms of the mean percentage of visible talar surface at the lateral,
central, and medial part of the talus, are presented in Table 3. On average, 51 ± 3% of the talar surface
of each maximum plantar flexed cadaveric ankle could be imaged using US (Table 3).
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Table 1. Number of successful registrations and the mean root-mean-square (RMS) TRE
(i.e., mean diRMS and mean d fRMS ) values for each US sweep averaged over all successful registrations
in Test I. For each registration, diRMS and d fRMS describe how far a volume is away initially and after
registration from its assumed optimum, respectively.

US Sweep Number of Successful Mean (and STD) (mm)

Type Registrations diRMS dfRMS

I

99 6.96 (3.27) 0.46 (0.17)
80 7.50 (2.87) 1.24 (0.62)
71 6.99 (2.49) 1.80 (0.18)
65 8.72 (3.78) 0.62 (0.28)
46 9.66 (4.66) 0.51 (0.17)
39 7.43 (2.46) 0.57 (0.35)
37 10.60 (3.79) 0.70 (0.54)
35 6.97 (2.12) 0.76 (0.68)
29 6.95 (2.73) 0.57 (0.36)
24 10.04 (3.64) 0.65 (0.67)
20 8.09 (2.66) 0.81 (0.62)
1 7.04 (0.00) 1.69 (0.00)

II

99 7.28 (3.06) 0.66 (0.32)
97 8.04 (3.45) 0.93 (0.30)
91 8.55 (3.30) 0.26 (0.41)
89 8.33 (3.42) 1.21 (0.57)
78 8.55 (3.88) 0.95 (0.36)
77 8.67 (3.66) 0.43 (0.44)
76 7.35 (3.01) 1.33 (0.14)
35 9.50 (2.95) 0.82 (0.43)
28 7.97 (2.84) 0.62 (0.45)
24 9.73 (3.96) 0.64 (0.43)
16 9.41 (4.03) 0.68 (0.35)
0 - -

Table 2. Number of successful registrations and the mean RMS TRE (i.e., mean d fRMS ) values for each
US sweep averaged over all successful registrations in Test II. For each registration, d fRMS describes
how far a volume is away after registration from its assumed optimum.

US Sweep Number of Successful Mean (and STD) (mm)

Type Registrations dfRMS

I

100 0.31 (0.19)
100 1.38 (0.28)
99 0.62 (0.33)
98 0.63 (0.26)
90 0.94 (0.47)
77 0.75 (0.29)
2 0.40 (0.33)
0 -
0 -
0 -
0 -
0 -

II

100 0.35 (0.27)
100 0.47 (0.29)
100 0.56 (0.20)
100 0.60 (0.25)
99 0.61 (0.32)
62 0.47 (0.36)
52 1.63 (0.18)
31 1.42 (0.41)
26 1.05 (0.32)
22 1.91 (0.08)
3 1.88 (0.06)
0 -
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Table 3. The average percentage of the talar surface that could be visualized with US from two
observers for the lateral, central and medial part of the talus. Observer 1 served as an internal control
by performing the analysis twice: Observer 1(1) and Observer 1(2).

Visible Talar Surface (% of the Total Talar Surface)

Lateral Central Medial

Observer 1(1) 55.3 (47.2–69.1) 47.9 (42.3–58.2) 51.7 (42.0–62.7)
Observer 1(2) 55.4 (46.3–68.1) 47.3 (38.2–59.0) 52.4 (42.2–61.6)

Observer 2 53.6 (42.8–66.1) 47.3 (36.8–60.0) 51.4 (42.5–59.0)

4. Discussion

The goal of this study was to register freehand-tracked 2D US images of the talocrural joint to CT
images. To this end, a rigid-surface volume registration scheme was presented and the performance of
the registration algorithm was tested on a dataset collected from 12 cadaveric ankles. The registration
algorithm was also used for a practical problem to evaluate whether US imaging can be a substitute of
CT in assessment of accessibility to an OCD by anterior arthroscopy.

Visual inspection of the reference registrations and the example use of the registration algorithm
confirm that multi-modality image registration is possible for a talocrural joint and satisfactory
registration results (Figure 5) could be achieved with the proposed scheme.

Concerning Test I, the registration algorithm had varying levels of success (Table 1). The large
variance observed in the registration rate cannot directly be attributed to various initialization positions
with a certain distance away from the defined reference. Differences in the performance of the
registration algorithm to compensate similar mean diRMS values (e.g., the success rate of 99% and
1% achieved in “Sweep Type I” of two different cadaveric ankles with the mean diRMS values of
7 mm) (Table 1) suggest that the success rate of the algorithm is dependent on the acquired US data.
Comparing raw 2D US images of the US sweeps showing the best (i.e., 99% for both the “Sweep Type
I” and “Sweep Type II”) and worst success rate (i.e., 1% for the “Sweep Type I” and 0% for the “Sweep
Type II”) in the Test I (Figure 6g–j), it was observed that soft tissues are positioned relatively closer to
the bone contours and show more bony-like features in the most failed US sweeps (Figure 6h,j). With a
close look at the scanline profiles of both vertical lines (red and blue) shown in Figure 6h,j, it becomes
clearer that dominant ridge edge responses do not always correspond to the expected bony location,
but may represent the high intensity soft tissue interfaces. In the current study, commonly-used
local phase based descriptor optimized for ridge detection (i.e., PS) [13,34] has been used to extract
bony contours present in US images. As the PS detector does not provide or correct the responses
at locations where the assumed feature model, i.e., ridge-like edge for bone, is violated and the
registration algorithm is not capable of distinguishing between soft and bony tissues, it is possible that
the registrations could not always end in correct positions due to the existence of bony-like information
in some of the 3D volumes (Figure 6d,f). In the future, more sophisticated descriptors, such as the local
phase tensor [28], are suggested to be used to determine whether an improvement in bone detection
and in the performance of the registration algorithm could be achieved in the US sweeps consisting of
different feature types.

The results of the Test II indicate that the quality of the acquired US data plays an important role in
the success of the registration process. Decreasing the number of slices in US sweeps seems to adversely
affect the performance of the registration algorithm (Table 2). Reduction in the amount of information
on bones in 3D bone response volumes could well explain the relatively lower performance of the
registration algorithm. Moreover, in both tests, the mean success rate was higher in “Sweep Type II” as
compared to those in “Sweep Type I”. This finding can be explained by relatively larger scanned area
of the talar bone in “Sweep Type II”. Increase in the amount of data on bony contours could help the
registration algorithm to more easily find the optimum position.



Sensors 2018, 18, 2375 13 of 16

Both “Sweep Type I” and “Sweep Type II” seem to be adequate to image approximately 50% of
the anterior talar dome (Table 3). This is comparable to the area defined previously as the part of the
talar dome accessible with anterior arthroscopy [41]. The results of the clinical test therefore suggest
that US could be used to assess whether an OCD can be accessed by anterior arthroscopy.

Although, the freehand-tracked 2D US images of 12 cadaveric ankles were acquired by the
experienced operator and using a protocol that had been included in previous studies [7,8], the results
of the tests and the observations made on US sweeps suggest that there is a room for improvements
in the US data acquisition phase. One of the changes that could be made is the use of an alternative
good quality US probe specially designed/fine-tuned for musculoskeletal applications. A US probe
with a relatively smaller head size (e.g., L15-7io, Philips Healthcare, Best, The Netherlands) may allow
the operator to more easily orient the probe to maintain it at a perpendicular position with respect to
the bones. With an enhancement in the positioning of the US probe on the ankle joint, the chance of
getting sharp bone boundary interfaces and decreasing the amount of unwanted information on soft
tissues around the bones may be increased. A closer study of the 3D bone response volumes of the
US sweeps that displayed the best and worst success rate in the Test I (Figure 6c–f) showed that the
variances observed in the success rates of the registration algorithm do not originate from any specific
region on talus or distal tibia. Moreover, the success rate is expected to increase, if the US sweeps
contain more information regarding the edges of the target bones. The scanned area is recommended
to be increased in the future studies and includes the regions beyond the visible cartilage surfaces, e.g.,
by starting and finishing the data acquisition until the malleoli are visualized.

In addition to enhancing the US data acquisition protocol, the presented registration scheme could
be further improved by providing real-time feedback to the operator, thereby guaranteeing successful
registration in the clinical settings. In the current study, the computation time for the pre-processing of
a single 2D US slice and the registration of a 3D US bone response volume to a surface extracted from
a CT scan is ≈4 s and ≈3 min, respectively. To provide real-time guidance, the computational time has
to be decreased, for example, through optimizing the code and/or implementing the methods on a
multi-processor graphic processing unit (GPU).

To determine “gold standard” registrations and quantitatively evaluate the accuracy of the
registrations, data could be collected from bones into which fiducials have been implemented.
Fiducials were not attached to the bones to keep the conditions as close to the clinical reality as
possible. To delineate a “gold standard”, another solution could be the use of anatomical landmarks.
Although we made an attempt to define points on the talus that could be consistently found in
all individuals and be used as anatomical landmarks, no such points could be ultimately found.
Neither could we find any studies in the literature that could be referred to for the use of anatomical
landmarks on the talus. It is therefore not clear to what extent the idea of using anatomical landmarks
is practically feasible.

5. Conclusions

To the best of our knowledge, this is the first study proposing a scheme to register freehand-tracked
2D US images of a talocrural joint to the CT scan of the same joint. Results of the study showed that
multi-modality image registration is possible for the talocrural joint and satisfactory registration
results could be achieved with the proposed method. This could enable anatomical correlation of
US images based on CT scan, thereby improving the possibilities for retrospective analysis and
prospective follow-up of patients with diseases at the talocrural joint. The retrospective and prospective
clinical studies could help gain knowledge in cartilage healing in-vivo and in turn formulate effective
patient-specific treatment strategies. Further research, however, needs to be performed before clinical
implementation of the proposed method is possible. The presented registration scheme could be
enhanced in particular by using a more sophisticated approach to the pre-processing of US images,
modifying the protocol established for the US data acquisition and implementing the methods in such
a way that real-time feedback could be provided to guide the operator.



Sensors 2018, 18, 2375 14 of 16

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/18/7/2375/
s1.

Author Contributions: N.T., A.K., G.S. and G.T. acquired test data. N.T. post-processed the data and performed
the tests. A.K. and G.T. conducted the case study. C.A. contributed materials and analysis tools. N.T., A.K., A.Z.
and G.T. analyzed the data. F.M., A.Z. and G.T. provided support and supervision. All authors revised the paper
for intellectual content.

Funding: This work was supported by the Technology Foundation TTW (Grant number 13035), Applied Science
Division of NWO, and the technology program of the Ministry of Economic Affairs, The Netherlands.

Acknowledgments: The authors would like to thank radiologist Maaike Terra for her assistance in the ultrasound
room at AMC, Marjon Stijntjes (TU Delft) for the preparation of cadavers and Lars Eirik (SINTEF Medical
Technology) for his help in calibrating the US probe.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to
publish the results.

References

1. Raikin, S.M.; Elias, I.; Zoga, A.C.; Morrison, W.B.; Besser, M.P.; Schweitzer, M.E. Osteochondral Lesions of
the Talus: Localization and Morphologic Data from 424 Patients Using a Novel Anatomical Grid Scheme.
Foot Ankle Int. 2007, 28, 154–161. [CrossRef] [PubMed]

2. Heijink, A.; Vanhees, M.; van den Ende, K.; van den Bekerom, M.P.; van Riet, R.P.; Van Dijk, C.N.;
Eygendaal, D. Biomechanical Considerations in the Pathogenesis of Osteoarthritis of the Elbow. Knee Surg.
Sports Traumatol. Arthrosc. 2016, 24, 2313–2318. [CrossRef] [PubMed]

3. Orr, J.D.; Dawson, L.K.; Garcia, E.J.; Kirk, K.L. Incidence of Osteochondral Lesions of the Talus in the
United States Military. Foot Ankle Int. 2011, 32, 948–954. [CrossRef] [PubMed]

4. Zengerink, M.; Struijs, P.A.A.; Tol, J.L.; van Dijk, C.N. Treatment of Osteochondral Lesions of the Talus:
A Systematic Review. Knee Surg. Sports Traumatol. Arthrosc. 2010, 18, 238–246. [CrossRef] [PubMed]

5. Verhagen, R.A.; Struijs, P.A.; Bossuyt, P.M.; van Dijk, C.N. Systematic Review of Treatment Strategies for
Osteochondral Defects of the Talar Dome. Foot Ankle Clin. 2003, 8, 233–242. [CrossRef]

6. Farr, J.; Cole, B.; Dhawan, A.; Kercher, J.; Sherman, S. Clinical Cartilage Restoration: Evolution and Overview.
Clin. Orthop. Relat. Res. 2011, 469, 2696–2705. [CrossRef] [PubMed]

7. Kok, A.C.; Terra, M.P.; Muller, S.; Askeland, C.; van Dijk, C.N.; Kerkhoffs, G.M.M.J.; Tuijthof, G.J.M.
Feasibility of Ultrasound Imaging of Osteochondral Defects Inthe Ankle: A Clinical Pilot Study.
Ultrasound Med. Biol. 2014, 40, 2530–2536. [CrossRef] [PubMed]

8. Tuijthof, G.J.M.; Kok, A.C.; Terra, M.P.; Aaftink, J.F.A.; Streekstra, G.J.; van Dijk, C.N.; Kerkhoffs, G.M.M.J.
Sensitivity and Specificity of Ultrasound in Detecting (Osteo)chondral Defects: A Cadaveric Study.
Ultrasound Med. Biol. 2013, 39, 1368–1375. [CrossRef] [PubMed]

9. Möller, I.; Bong, D.; Naredo, E.; Filippucci, E.; Carrasco, I.; Moragues, C.; Iagnocco, A. Ultrasound in the
Study and Monitoring of Osteoarthritis. Osteoarthr. Cartil. 2008, 16, 4–7. [CrossRef] [PubMed]

10. Spannow, A.H.; Pfeiffer-Jensen, M.; Andersen, N.T.; Stenbøg, E.; Herlin, T.; Rheumatology, P.; Spannow, A.H.;
Pfeiffer-Jensen, M.; Andersen, N.T.; Stenbøg, E.; et al. Inter -and Intraobserver Variation of Ultrasonographic
Cartilage Thickness Assessments in Small and Large Joints in Healthy Children. Pediatr. Rheumatol. Online J.
2009, 7, 12. [CrossRef] [PubMed]

11. Van Bergen, C.J.; Gerards, R.M.; Opdam, K.T.; Terra, M.P.; Kerkhoffs, G.M. Diagnosing, Planning and
Evaluating Osteochondral Ankle Defects with Imaging Modalities. World J. Orthop. 2015, 6, 944–953.
[CrossRef] [PubMed]

12. Barratt, D.C.; Penney, G.P.; Chan, C.S.K.; Slomczykowski, M.; Carter, T.J.; Edwards, P.J.; Hawkes, D.J.
Self-Calibrating 3D-Ultrasound-Based Bone Registration for Minimally Invasive Orthopedic Surgery.
IEEE Trans. Med. Imaging 2006, 25, 312–323. [CrossRef] [PubMed]

13. Brounstein, A.; Hacihaliloglu, I.; Guy, P.; Hodgson, A.; Abugharbieh, R. Towards Real-Time 3D US to CT Bone
Image Registration Using Phase and Curvature Feature Based GMM Matching. In International Conference on
Medical Image Computing and Computer-Assisted Intervention; Springer: Berlin/Heidelberg, Germany, 2011;
Volume 6891, pp. 235–242.

http://www.mdpi.com/1424-8220/18/7/2375/s1
http://www.mdpi.com/1424-8220/18/7/2375/s1
http://dx.doi.org/10.3113/FAI.2007.0154
http://www.ncbi.nlm.nih.gov/pubmed/17296131
http://dx.doi.org/10.1007/s00167-015-3518-7
http://www.ncbi.nlm.nih.gov/pubmed/25677500
http://dx.doi.org/10.3113/FAI.2011.0948
http://www.ncbi.nlm.nih.gov/pubmed/22224323
http://dx.doi.org/10.1007/s00167-009-0942-6
http://www.ncbi.nlm.nih.gov/pubmed/19859695
http://dx.doi.org/10.1016/S1083-7515(02)00064-5
http://dx.doi.org/10.1007/s11999-010-1764-z
http://www.ncbi.nlm.nih.gov/pubmed/21240578
http://dx.doi.org/10.1016/j.ultrasmedbio.2014.03.022
http://www.ncbi.nlm.nih.gov/pubmed/25023100
http://dx.doi.org/10.1016/j.ultrasmedbio.2013.02.011
http://www.ncbi.nlm.nih.gov/pubmed/23711501
http://dx.doi.org/10.1016/j.joca.2008.06.005
http://www.ncbi.nlm.nih.gov/pubmed/18760636
http://dx.doi.org/10.1186/1546-0096-7-12
http://www.ncbi.nlm.nih.gov/pubmed/19497098
http://dx.doi.org/10.5312/wjo.v6.i11.944
http://www.ncbi.nlm.nih.gov/pubmed/26716090
http://dx.doi.org/10.1109/TMI.2005.862736
http://www.ncbi.nlm.nih.gov/pubmed/16524087


Sensors 2018, 18, 2375 15 of 16

14. Hacihaliloglu, I.; Brounstein, A.; Guy, P.; Hodgson, A.; Abugharbieh, R. 3D Ultrasound-CT Registration in
Orthopaedic Trauma Using GMM Registration with Optimized Particle Simulation-Based Data Reduction.
In International Conference on Medical Image Computing and Computer-Assisted Intervention; Springer:
Berlin/Heidelberg, Germany, 2012; Volume 15, pp. 82–89.

15. Lang, A.; Mousavi, P.; Gill, S.; Fichtinger, G.; Abolmaesumi, P. Multi-Modal Registration of Speckle-Tracked
Freehand 3D Ultrasound to CT in the Lumbar Spine. Med. Image Anal. 2012, 16, 675–686. [CrossRef]
[PubMed]

16. Moghari, M.H.; Abolmaesumi, P. Point-Based Rigid-Body Registration Using an Unscented Kalman Filter.
IEEE Trans. Med. Imaging 2007, 26, 1708–1728. [CrossRef] [PubMed]

17. Penney, G.P.; Barratt, D.C.; Chan, C.S.K.; Slomczykowski, M.; Carter, T.J.; Edwards, P.J.; Hawkes, D.J.
Cadaver Validation of Intensity-Based Ultrasound to CT Registration. In International Conference on
Medical Image Computing and Computer-Assisted Intervention; Springer: Berlin/Heidelberg, Germany, 2005;
Volume 3750, pp. 1000–1007.

18. Muratore, D.M.; Russ, J.H.; Dawant, B.M.; Galloway, R.L. Three-Dimensional Image Registration of Phantom
Vertebrae for Image-Guided Surgery: A Preliminary Study. Comput. Aided Surg. 2002, 7, 342–352. [CrossRef]
[PubMed]

19. Winter, S.; Pechlivanis, I.; Dekomien, C.; Igel, C.; Schmieder, K. Toward Registration of 3D Ultrasound
and CT Images of the Spine in Clinical Praxis: Design and Evaluation of a Data Acquisition Protocol.
Ultrasound Med. Biol. 2009, 35, 1773–1782. [CrossRef] [PubMed]

20. Yan, C.X.B.; Goulet, B.; Pelletier, J.; Chen, S.J.S.; Tampieri, D.; Collins, D.L. Towards Accurate, Robust and
Practical Ultrasound-CT Registration of Vertebrae for Image-Guided Spine Surgery. Int. J. Comput. Assist.
Radiol. Surg. 2011, 6, 523–537. [CrossRef] [PubMed]

21. Brendel, B.; Winter, S.; Rick, A.; Stockheim, M.; Ermert, H. Bone Registration with 3D CT and Ultrasound
Data Sets. Int. Congr. Ser. 2003, 1256, 426–432. [CrossRef]

22. Nagpal, S.; Abolmaesumi, P.; Rasoulian, A.; Hacihaliloglu, I.; Ungi, T.; Osborn, J.; Lessoway, V.A.; Rudan, J.;
Jaeger, M.; Rohling, R.N.; et al. A Multi-Vertebrae CT to US Registration of the Lumbar Spine in Clinical
Data. Int. J. Comput. Assist. Radiol. Surg. 2015, 10, 1371–1381. [CrossRef] [PubMed]

23. Rasoulian, A.; Mousavi, P.; Hedjazi Moghari, M.; Foroughi, P.; Abolmaesumi, P. Group-Wise Feature-Based
Registration of CT and Ultrasound Images of Spine. In Medical Imaging 2010: Visualization, Image-Guided
Procedures, and Modeling; International Society for Optics and Photonics: Bellingham, WA, USA, 2010;
Volume 7625, p. 76250R.

24. Amin, D.V.; Kanade, T.; DiGioia, A.M.; Jaramaz, B. Ultrasound Registration of the Bone Surface for Surgical
Navigation. Comput. Aided Surg. 2003, 8, 1–16. [CrossRef] [PubMed]

25. Besl, P.J.; McKay, N.D. Method for Registration of 3-D Shapes. In Sensor Fusion IV: Control Paradigms and
Data Structures; International Society for Optics and Photonics: Bellingham, WA, USA, 1992; Volume 1611,
pp. 586–607.

26. Winter, S.; Brendel, B.; Pechlivanis, I.; Schmieder, K.; Igel, C. Registration of CT and Intraoperative 3-D
Ultrasound Images of the Spine Using Evolutionary and Gradient-Based Methods. IEEE Trans. Evol. Comput.
2008, 12, 284–296. [CrossRef]

27. Van Bergen, C.J.A.; Tuijthof, G.J.M.; Blankevoort, L.; Maas, M.; Kerkhoffs, G.M.M.J.; Van Dijk, C.N.
Computed Tomography of the Ankle in Full Plantar Flexion: A Reliable Method for Preoperative Planning
of Arthroscopic Access to Osteochondral Defects of the Talus. Arthrosc. J. Arthrosc. Relat. Surg. 2012, 28,
985–992. [CrossRef] [PubMed]

28. Hacihaliloglu, I.; Rasoulian, A.; Rohling, R.N.; Abolmaesumi, P. Local Phase Tensor Features for 3-D
Ultrasound to Statistical Shape+pose Spine Model Registration. IEEE Trans. Med. Imaging 2014, 33, 2167–2179.
[CrossRef] [PubMed]

29. Askeland, C.; Solberg, O.V.; Bakeng, J.B.L.; Reinertsen, I.; Tangen, G.A.; Hofstad, E.F.; Iversen, D.H.;
Våpenstad, C.; Selbekk, T.; Langø, T.; et al. CustusX: An Open-Source Research Platform for Image-Guided
Therapy. Int. J. Comput. Assist. Radiol. Surg. 2016, 11, 505–519. [CrossRef] [PubMed]

30. Bø, L.E.; Hofstad, E.F.; Lindseth, F.; Hernes, T.A.N. Versatile Robotic Probe Calibration for Position Tracking
in Ultrasound Imaging. Phys. Med. Biol. 2015, 60, 3499–3513. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.media.2011.07.006
http://www.ncbi.nlm.nih.gov/pubmed/21982123
http://dx.doi.org/10.1109/TMI.2007.901984
http://www.ncbi.nlm.nih.gov/pubmed/18092740
http://dx.doi.org/10.3109/10929080209146523
http://www.ncbi.nlm.nih.gov/pubmed/12731097
http://dx.doi.org/10.1016/j.ultrasmedbio.2009.06.1089
http://www.ncbi.nlm.nih.gov/pubmed/19716226
http://dx.doi.org/10.1007/s11548-010-0536-2
http://www.ncbi.nlm.nih.gov/pubmed/20976567
http://dx.doi.org/10.1016/S0531-5131(03)00396-0
http://dx.doi.org/10.1007/s11548-015-1247-5
http://www.ncbi.nlm.nih.gov/pubmed/26175271
http://dx.doi.org/10.3109/10929080309146097
http://www.ncbi.nlm.nih.gov/pubmed/14708753
http://dx.doi.org/10.1109/TEVC.2007.907558
http://dx.doi.org/10.1016/j.arthro.2011.11.030
http://www.ncbi.nlm.nih.gov/pubmed/22342200
http://dx.doi.org/10.1109/TMI.2014.2332571
http://www.ncbi.nlm.nih.gov/pubmed/24988590
http://dx.doi.org/10.1007/s11548-015-1292-0
http://www.ncbi.nlm.nih.gov/pubmed/26410841
http://dx.doi.org/10.1088/0031-9155/60/9/3499
http://www.ncbi.nlm.nih.gov/pubmed/25855886


Sensors 2018, 18, 2375 16 of 16

31. Tümer, N.; Blankevoort, L.; Giessen, M.; Van De Terra, M.P.; Jong, P.A. De Weinans, H.; Tuijthof, G.J.M.;
Zadpoor, A.A. Bone Shape Difference between Control and Osteochondral Defect Groups of the Ankle Joint.
Osteoarthr. Cartil. 2016, 24, 2108–2115. [CrossRef] [PubMed]

32. Anas, E.M.A.; Seitel, A.; Rasoulian, A.; John, P.S.; Ungi, T.; Lasso, A.; Darras, K.; Wilson, D.; Lessoway, V.A.;
Fichtinger, G.; et al. Registration of a Statistical Model to Intraoperative Ultrasound for Scaphoid Screw
Fixation. Int. J. Comput. Assist. Radiol. Surg. 2016, 11, 957–965. [CrossRef] [PubMed]

33. Belaid, A.; Boukerroui, D.; Maingourd, Y.; Lerallut, J.; Member, S. Phase Based Level Set Segmentation of
Ultrasound Images. IEEE Trans. Inf. Technol. Biomed. 2009, 15, 138–147. [CrossRef] [PubMed]

34. Hacihaliloglu, I.; Abugharbieh, R.; Hodgson, A.J.; Rohling, R.N. Bone Surface Localization in Ultrasound
Using Image Phase-Based Features. Ultrasound Med. Biol. 2009, 35, 1475–1487. [CrossRef] [PubMed]

35. Shojaeilangari, S.; Yau, W.-Y.; Li, J.; Teoh, E.-K. Multi-Scale Analysis of Local Phase and Local Orientation for
Dynamic Facial Expression Recognition. J. Multimed. Theory Appl. 2014, 1, 1–10. [CrossRef]

36. Felsberg, M.; Sommer, G.; Felsberg, M.; Sommer, G. The Monogenic Signal. IEEE Trans. Image Process. 2001,
49, 3136–3144. [CrossRef]

37. Anas, E.M.A.; Seitel, A.; Rasoulian, A.; John, P.S.; Pichora, D.; Darras, K.; Wilson, D.; Lessoway, V.A.;
Hacihaliloglu, I.; Mousavi, P.; et al. Bone Enhancement in Ultrasound Using Local Spectrum Variations for
Guiding Percutaneous Scaphoid Fracture Fixation Procedures. Int. J. Comput. Assist. Radiol. Surg. 2015, 10,
959–969. [CrossRef] [PubMed]

38. Hansen, N.; Ostermeier, A. Completely Derandomized Self-Adaptation in Evolution Strategies. Evol. Comput.
2001, 9, 159–195. [CrossRef] [PubMed]

39. Kagadis, G.C.; Delibasis, K.K.; Matsopoulos, G.K.; Mouravliansky, N.A.; Asvestas, P.A.; Nikiforidis, G.C. A
Comparative Study of Surface- and Volume-Based Techniques for the Automatic Registration between CT
and SPECT Brain Images. Med. Phys. 2002, 29, 201–213. [CrossRef] [PubMed]

40. Silva, L.; Bellon, O.R.P.; Boyer, K.L. Precision Range Image Registration Using a Robust Surface
Interpenetration Measure and Enhanced Genetic Algorithms. IEEE Trans. Pattern Anal. Mach. Intell.
2005, 27, 762–776. [CrossRef] [PubMed]

41. Van Bergen, C.J.A.; Tuijthof, G.J.M.; Maas, M.; Sierevelt, I.N.; van Dijk, C.N. Arthroscopic Accessibility of the
Talus Quantified by Computed Tomography Simulation. Am. J. Sports Med. 2012, 40, 2318–2324. [CrossRef]
[PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.joca.2016.07.015
http://www.ncbi.nlm.nih.gov/pubmed/27495945
http://dx.doi.org/10.1007/s11548-016-1370-y
http://www.ncbi.nlm.nih.gov/pubmed/26984552
http://dx.doi.org/10.1109/TITB.2010.2090889
http://www.ncbi.nlm.nih.gov/pubmed/21216695
http://dx.doi.org/10.1016/j.ultrasmedbio.2009.04.015
http://www.ncbi.nlm.nih.gov/pubmed/19616363
http://dx.doi.org/10.11159/jmta.2014.001
http://dx.doi.org/10.1109/78.969520
http://dx.doi.org/10.1007/s11548-015-1181-6
http://www.ncbi.nlm.nih.gov/pubmed/25847667
http://dx.doi.org/10.1162/106365601750190398
http://www.ncbi.nlm.nih.gov/pubmed/11382355
http://dx.doi.org/10.1118/1.1445412
http://www.ncbi.nlm.nih.gov/pubmed/11865991
http://dx.doi.org/10.1109/TPAMI.2005.108
http://www.ncbi.nlm.nih.gov/pubmed/15875797
http://dx.doi.org/10.1177/0363546512455403
http://www.ncbi.nlm.nih.gov/pubmed/22875792
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Test Data Acquisition 
	CT Scans 
	Freehand Tracked 2D US Images 

	Data Preprocessing 
	Surface Point Extraction from CT Data 
	Bone Surface Enhancement in Ultrasound 

	3D Bone Response Data and US to CT Registration 
	Evaluation of the Registrations 
	Clinical Study 

	Results 
	Discussion 
	Conclusions 
	References

