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Highlights

• A new method is developed to localize and track the needle in ultrasound volumes acquired by 3D

motorized curvilinear ultrasound probes

• An initial estimation of the needle axis is obtained using a low-cost camera mounted on the ultrasound

probe

• Ultrasound-based local phase analyses are employed to refine the initially-estimated needle axis and

accurately localize the need tip

• Dynamic needle tracking in a sequence of 3D ultrasound volumes is achieved using a tracking loop that

employs a Kalman filter

• The performance results obtained based on ex vivo animal experiments suggest the feasibility of apply-

ing the proposed method to localize and track the needle using 3D motorized curvilinear ultrasound

probes
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Abstract

Three-dimensional (3D) motorized curvilinear ultrasound probes provide an effective, low-cost tool to guide

needle interventions, but localizing and tracking the needle in 3D ultrasound volumes is often challenging.

In this study, a new method is introduced to localize and track the needle using 3D motorized curvilinear

ultrasound probes. In particular, a low-cost camera mounted on the probe is employed to estimate the

needle axis. The camera-estimated axis is used to identify a volume of interest (VOI) in the ultrasound

volume that enables high needle visibility. This VOI is analyzed using local phase analysis and the random

sample consensus algorithm to refine the camera-estimated needle axis. The needle tip is determined by

searching the localized needle axis using a probabilistic approach. Dynamic needle tracking in a sequence of

3D ultrasound volumes is enabled by iteratively applying a Kalman filter to estimate the VOI that includes

the needle in the successive ultrasound volume and limiting the localization analysis to this VOI. A series

of ex vivo animal experiments are conducted to evaluate the accuracy of needle localization and tracking.

The results show that the proposed method can localize the needle in individual ultrasound volumes with

maximum error rates of 0.7 mm for the needle axis, 1.7° for the needle angle, and 1.2 mm for the needle tip.

Moreover, the proposed method can track the needle in a sequence of ultrasound volumes with maximum

error rates of 1.0 mm for the needle axis, 2.0° for the needle angle, and 1.7 mm for the needle tip. These

results suggest the feasibility of applying the proposed method to localize and track the needle using 3D

motorized curvilinear ultrasound probes.

Keywords: Ultrasound-guided needle interventions, 3D ultrasound imaging, needle localization and

tracking, Kalman filter, RANSAC, camera-based needle localization

1. Introduction

Several diagnostic and therapeutic clinical procedures, such as biopsy, therapeutic injection, nerve block,

and anesthesia, involve needle interventions. These procedures require accurate needle localization and

tracking to improve the success rate of the intervention and reduce the incidence of undesired complications.

Ultrasound imaging, which provides a low-cost, real-time, and noninvasive imaging modality, is widely used to5
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guide needle insertion interventions (Holm & Skjoldbye, 1996; Wisniewski et al., 2010). However, visualizing

the needle using conventional two-dimensional (2D) ultrasound with respect to the target anatomy is often

challenging due to the need to perfectly align the ultrasound probe to include the needle in the imaging

plane. Moreover, the use of 2D ultrasound requires accurate interpretation of the 3D anatomical structures

of the patient based on a sequence of 2D ultrasound images, which usually depends on the experience level10

of the physician. An alternative approach is to use 3D ultrasound to guide needle insertion (Gebhard et al.,

2015). In fact, 3D ultrasound, which provides volumetric imaging data, can visualize both the needle and the

3D anatomical structures without the need to perfectly align the ultrasound probe. However, the visibility

of the needle in 3D ultrasound volumes might be degraded by several factors, including ultrasound speckle

that reduces the quality of ultrasound data, the bright linear structures in the ultrasound volume that15

have appearance close to the needle, and the reflection of the ultrasound beam by the needle in a direction

away from the ultrasound probe (Mwikirize et al., 2017). To address these limitations, automatic needle

localization and tracking methods have been developed to detect the needle in 3D ultrasound volumes.

The automatic needle localization and tracking methods can be generally grouped into two classes: meth-

ods based on hardware and methods based on software. The hardware-based methods employ complementary20

devices that enhance the capability to localize and track the needle in 3D ultrasound volumes. For example,

Fronheiser et al. (2008) used a piezoelectric actuator to vibrate the needle and employed 3D color Doppler

ultrasound imaging to detect the vibrations induced in the needle and the surrounding tissue. A similar

approach was proposed in (Adebar & Okamura, 2013) to segment vibrating curved needles using 3D power

Doppler ultrasound. Mung et al. (2011) introduced a robust method to track surgical tools using 3D ultra-25

sound. In this method, small ultrasound sensors are placed on the surgical tool to detect the acoustic waves

transmitted during 3D ultrasound imaging. The signals received by the sensors are analyzed to compute

the 3D position of the surgical tool. Beigi et al. (2015) proposed a method for localizing the needle in

3D ultrasound volumes by moving the needle stylus and detecting the induced intensity variations in the

ultrasound volume. The task of localizing the needle was achieved by projecting the volume into two 2D30

orthogonal image planes and estimating the needle trajectory and tip using these image planes.

One important hardware-based approach for localizing and tracking the needle is to mount cameras on

the ultrasound probe to compute the needle position. Computer vision analyses are used to compute the 3D

location of the needle with respect to the ultrasound probe based on the camera-visible segment of the needle

that is located above the skin. Compared with fixed and wall-mounted cameras, attaching the cameras to35

the ultrasound probe improves the capability of achieving direct line-of-sight between the cameras and the

needle without obstacles (Chan et al., 2005; Khosravi et al., 2007; Najafi et al., 2015; Najafi & Rohling, 2011).

The camera-based approach was employed by Chan et al. (2005), in which two stereo cameras mounted on

a 2D ultrasound probe were used to estimate the needle trajectory with respect to the cameras. Spatial

calibration was carried out to map the estimated needle trajectory to the coordinate system of the 2D40

ultrasound probe. In fact, this method was separately applied using two high-performance cameras and two
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low-cost USB cameras, where the former setup achieved a needle localization accuracy of 3.1 ± 1.8 mm and

the latter obtained an accuracy of 6.5 ± 5.7 mm. Khosravi et al. (2007) proposed the use of two cameras to

estimate the needle trajectory without the need for spatial calibration. In particular, a training algorithm

was applied to compute the mapping between the location of the needle in the 2D camera images and the45

corresponding needle location in the 3D space. The method enabled 3D needle trajectory estimation with

average distance and orientation errors of 2.4 mm and 2.6°, respectively. The camera-based needle localization

approach has been employed by a commercial needle tracking system developed by Clear Guide Medical Inc.

(Baltimore, MD, United States) that computes the needle position using two stereo cameras mounted on a

2D ultrasound probe. This commercial, camera-based needle tracking system demonstrates the feasibility50

of using cameras mounted on the ultrasound probe to improve the capability of guiding needle insertion in

real-life clinical applications. Najafi et al. (2015) proposed the use of one high-performance camera mounted

on a 2D ultrasound probe to estimate the needle trajectory by analyzing the regular marking points that

exist in many medical needles, such as biopsy and epidural needles. This method was applied to localize

needles inserted in a water bath and scanned using out-of-plane 2D ultrasound imaging with an accuracy of55

0.94± 0.46 mm. In fact, the use of one camera, instead of two cameras, to estimate the needle position has

the advantage of reducing the cost, size, and complexity of the needle localization system. It is worth noting

that the one-camera approach has not been demonstrated for 3D ultrasound probes and its performance was

not evaluated when a low-cost camera is employed to localize the needle.

The software-based methods localize and track the needle using ultrasound data analysis. In fact, most60

software-based methods analyze the ultrasound volume to detect features that correspond to the needle

structure. For example, principle component analysis (PCA) has been used to detect the needle in 3D

ultrasound volumes (Novotny et al., 2003). Barva et al. (2004) proposed the use of the Radon transform to

localize the needle based on radio-frequency (RF) signals acquired by a 3D ultrasound probe. Novotny et al.

(2007) developed a real-time algorithm to track straight surgical instruments in 3D ultrasound volumes. The65

algorithm employed the generalized Radon transform to localize the instrument axis and used passive markers

placed on the shaft to identify the instrument tip. Mari & Cachard (2007) proposed a method to localize a

thin needle inserted in a tissue-mimicking phantom using 3D ultrasound RF data by maximizing the parallel

integral projection (PIP) transform, which represents a special form of the Radon transform. An improved

needle localization method was introduced in (Barva et al., 2008), in which the needle was detected by70

computing the PIP transform of the 3D ultrasound volume. The performance of the method was evaluated

by localizing the needle in 3D ultrasound volumes acquired for tissue-mimicking phantoms and in vivo

breast biopsy. Ding et al. (2003) introduced an algorithm to segment the needle in 3D ultrasound volumes

by extracting two orthogonal 2D image projections from the 3D volume and analyzing the 2D projections to

localize the needle. The method involved cropping the 3D ultrasound volume based on a priori estimate about75

the needle location and orientation to eliminate the irrelevant complex structures from the 2D projections.

Zhou et al. (2007) employed a 3D randomized Hough transform (RHT) for localizing the needle in 3D
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ultrasound volumes. The 3D RHT reduced the computational complexity of the classical Hough transform

by randomly sampling pairs of voxels in the 3D ultrasound volume after applying thresholding. A faster

version of the 3D RHT, called the 3D quick RHT, was introduced in (Qiu et al., 2008), in which a two-stage,80

coarse-fine search approach was applied to reduce the computational complexity. In (Neshat & Pateluchi,

2008), the localization of curved needles in ultrasound volumes has been achieved by representing the needle

using Bézier polynomials and applying a parallel implementation of the generalized Radon transform.

Another important software-based approach for localizing the needle is to use the random sample consen-

sus (RANSAC) algorithm (Fischler & Bolles, 1981). This approach was used by Uherčík et al. (2010) who85

used a model-fitting RANSAC (MF-RANSAC) algorithm to localize the needle in 3D ultrasound volumes.

The MF-RANSAC algorithm enabled accurate needle localization in simulated ultrasound volumes and ex-

perimental ultrasound volumes of high quality. However, the accuracy and robustness of needle localization

were reduced when the MF-RANSAC algorithm was applied for realistic ultrasound volumes with complex

background. Zhao et al. (2013) proposed a two-phase needle tracking method, called region of interest (ROI)90

combined with the RANSAC and Kalman filter (ROI-RK), to overcome the limitations of the MF-RANSAC

algorithm and support dynamic needle tracking in a sequence of 3D ultrasound volumes. In the first phase,

the ROI-RK method processes the first ultrasound volume using a 3D line filter and the MF-RANSAC al-

gorithm to estimate the needle. Moreover, the estimated needle is used to define a VOI around it. In the

second phase, the location of the VOI that includes the needle is estimated in the next ultrasound volume95

of the 3D sequence by employing a speckle tracking algorithm to compute the velocity of the needle tip and

the Kalman filter to update the position of the VOI. The updated VOI is processed using the MF-RANSAC

algorithm to estimate the needle in the next ultrasound volume. Moreover, the Kalman filter is employed

to refine the estimated location of the needle. This tracking loop is iteratively applied until the needle is

tracked in all volumes of the 3D ultrasound sequence. In a recent study (Zhao et al., 2017), the performance100

of the ROI-RK method was compared with three other needle localization and tracking methods that are

based on PCA, RHT, and PIP. The performance evaluations quantified the capability of the four methods

to estimate the needle in both the static and dynamic situations in simulated and experimental ultrasound

volumes. The results indicated that the ROI-RK method outperformed the three other methods based on

combined metrics of needle localization and tracking accuracies and execution times.105

In the majority of software-based methods, the needle is assumed to appear in the 3D ultrasound volume

as a linear structure with intensity higher than the background. However, this assumption might not be

satisfied in some real-life clinical scenarios. For example, in curvilinear ultrasound images and volumes,

the needle is mainly visible at the needle segment in which the ultrasound beam is perpendicular to the

needle (Hacihaliloglu et al., 2015; Daoud et al., 2015). Moreover, the ultrasound volume might include other110

needle-like structures that can mislead the software-based methods. Some software-based methods, such

as the PIP- and RANSAC-based methods, can be affected by the gain settings of the ultrasound machine.

For instance, if the gain is increased to improve the contrast, the noise signals can be magnified and the
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ultrasound volume can be affected by ultrasound artifacts and speckle that degrade the needle localization

accuracy.115

One effective technique to achieve intensity-invariant ultrasound-based analysis is to use the local phase.

In fact, Oppenheim & Lim (1981) showed that the contribution of the phase information of a particular

image to its visual appearance outweighs the magnitude information. Intensity-invariant local-phase methods

have been proposed in the literature to extract the bone surface in 2D (Hacihaliloglu et al., 2009) and 3D

(Hacihaliloglu et al., 2012) ultrasound data and classify breast ultrasound images (Cai et al., 2015). Moreover,120

Beigi et al. (2017) and Hacihaliloglu et al. (2015) employed local phase analysis to localize the needle in 2D

ultrasound images. Mwikirize et al. (2017) proposed the use of 2D local phase analysis to detect the needle

in linear 3D ultrasound volumes. In particular, a local phase descriptor is applied to each 2D slice in the 3D

ultrasound volume to quantify the straight linear structures that are similar to the needle. After applying

the local phase descriptor, each slice is processed using a needle detector, which is based on normalized125

histograms of oriented gradients descriptors and a linear support vector machine classifier, to identify the

slices that include the needle and combine these slices into one sub-volume. In the second stage, the sub-

volume is processed to enhance the visibility of the needle and localize the needle tip. The results reported

in (Mwikirize et al., 2017) showed that the method can obtain good results for needles inserted in ex vivo

bovine tissue that are scanned using a 3D motorized linear ultrasound probe. One potential limitation of130

this method is the fact that real-life, clinical 3D ultrasound volumes can include other strong, needle-like,

linear structures, which might mislead the process of identifying the 2D slices that correspond to the needle.

Pourtaherian et al. (2017) proposed a method to detect the best view to visualize medical instruments,

including needles, in 3D ultrasound volumes. The method is composed of three stages. In the first stage, the

ultrasound volume is preprocessed to enhance the appearance of the medical instrument and reduce noise.135

In the second stage, the voxels of the ultrasound volume are classified using linear support vector machine

and linear discriminant analysis classifiers to identify the voxels that belong to the medical instrument. The

classification is performs using descriptors that are based on the raw values of the voxels, the outcome of

vesselness filtering, and the outcome of Gabor transformation. In the third stage, the axis of the instrument

is estimated by fitting a mathematical model that describes the instrument to the classified voxels. The140

performance of the method has been evaluated using in vitro, ex vivo, and in vivo datasets. One limitation

of this method is that it does not support the detection of the needle tip. Moreover, the long processing

time of the method, which is between 2 and 4 minutes, might limit its use in real-life clinical applications.

A large group of commercial 3D ultrasound imaging systems employs motorized curvilinear probes

(Pospisil et al., 2010; Gao et al., 2016). Hence, 3D motorized curvilinear probes provide an attractive145

means to enable 3D ultrasound guidance of needle insertion interventions. Generally, curvilinear ultrasound

probes achieve better needle visibility at clinically-relevant needle insertion angles compared with linear

transducers. This can be attributed to the high probability of obtaining perpendicular interception between

the needle and the ultrasound beams of curvilinear probes (Tsui et al., 2009). However, the spacing between
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the ultrasound beams transmitted by 3D motorized curvilinear probes increases as a function of depth, which150

might degrade the visibility of the needle. Therefore, the development of automatic, accurate, reliable, and

efficient needle localization and tracking methods contributes to the ongoing efforts to improve the use of 3D

motorized curvilinear ultrasound probes, which provide extended 3D field-of-view compared to 2D ultrasound

probes, to enhance the outcome and safety of needle insertion interventions. The automatic and accurate

localization of the needle enables the physician to concentrate on manipulating the 3D ultrasound probe to155

visualize the target anatomy and enhancing the alignment between the needle and the target. Moreover,

the automatic and accurate localization of the needle reduces the risk of affecting important anatomical

structures in the body, such as vessels and nerves, and hence improves the safety of the intervention.

In the current study, we propose a hybrid method that combines both hardware- and software-based

analyses to enable accurate and robust needle localization and tracking using 3D motorized curvilinear160

ultrasound probes. The method employs a single low-cost camera mounted on the ultrasound probe to

obtain an approximate estimation of the needle axis. In fact, the algorithm proposed in (Najafi et al., 2015)

to localize the needle in 2D ultrasound images using a single high-performance camera has been employed in

the current study to approximately estimate the needle axis using a low-cost camera. The camera-estimated

needle axis and the imaging geometry of the 3D motorized curvilinear probe are analyzed to identify a VOI165

in the ultrasound volume, called VOIAxis, that enables high needle visibility. VOIAxis is processed using

local phase analysis and the MF-RANSAC algorithm to achieve accurate localization of the needle axis.

The location of the needle tip along the axis is determined using a probabilistic approach that quantifies

the characteristics of the local phase within a VOI, called VOIT ip, that surrounds the needle axis. Needle

tracking is enabled by employing a tracking loop to estimate the VOIs in the consecutive ultrasound volumes170

that include the needle and limiting the needle estimation analysis to these VOIs.

The main objective of our study is to provide an innovative approach to utilize the initial estimation

of the needle axis, which is obtained using the low-cost camera, to enable reliable, accurate, and efficient

ultrasound-based localization and tracking of the needle in ultrasound volumes acquired by 3D motorized

curvilinear ultrasound probes. Specifically, the main contributions of the current study can be summarized175

as follows:

• For curvilinear ultrasound probes, the visibility of the needle is maximal when the transmitted ultra-

sound beams intercept perpendicularly or near perpendicularly with the needle (Daoud et al., 2011,

2015; Hacihaliloglu et al., 2015). In our study, we have analyzed the camera-based estimation of the

needle axis and the imaging geometry of the 3D motorized curvilinear ultrasound probe to identify180

VOIAxis that enables high needle visibility. The main characteristic of VOIAxis is that the ultrasound

beams transmitted by the ultrasound probe intercept perpendicularly or near perpendicularly with

the needle. Hence, accurate, reliable, and efficient localization of the needle axis can be achieved by

limiting the ultrasound-based analysis for localizing the needle axis to VOIAxis. It is worth noting that

localizing the needle axis by analyzing the entire ultrasound volume might increase the failure rate and185
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degrade the localization accuracy due to the presence of other needle-like structures in the ultrasound

volume that can lead to incorrect localization of the needle axis. Moreover, limiting the localization

analysis of the needle axis to VOIAxis reduces the computational complexity of our proposed method.

• The procedure employed to analyze VOIAxis aims to ensure accurate and efficient localization of the

needle axis. In particular, VOIAxis is oriented such that the majority of the ultrasound beams that are190

perpendicular or nearly-perpendicular to the needle passes through its top face. Hence, our proposed

method aims to detect the strong needle reflections of the ultrasound beams that take place within

VOIAxis by applying 2D phase congruency analysis (Kovesi, 2003, 1999) to the 2D image planes in

VOIAxis that are parallel to its front face. Moreover, the capability of detecting the orthogonal needle

reflections of the ultrasound beams is optimized by applying the 2D phase congruency analysis along195

the direction orthogonal to the top face of VOIAxis. Hence, our approach enables intensity-invariant,

orientation-specific detection of the strong needle reflection that take place within VOIAxis using the

low complexity 2D phase congruency analysis, instead of using the computationally-intensive 3D phase

congruency analysis.

• Accurate and efficient localization of the needle tip is achieved by defining VOIT ip around the ac-200

curately localized needle axis. VOIT ip is analyzed using the intensity-invariant, orientation-specific,

low-complexity 2D phase congruency analysis, which is described in the previous point, to detect the

edges that correspond to the needle. Moreover, a new probabilistic approach is used to analyze the

detected needle-specific edges with the goal of achieving accurate localization of the needle tip.

• Needle tracking is enabled by employing a tracking loop to estimate the VOIs in the consecutive205

ultrasound volumes that include the needle and limiting the needle estimation analysis to these VOIs.

This tracking loop limits the requirement of having direct line-of-sight between the camera and the

needle to the first ultrasound volume as well as the incidents of needle tracking re-initialization in the

consecutive ultrasound volumes.

• The performance of our proposed method is evaluated by localizing and tracking needles inserted in210

different ex vivo animal specimens that have various ultrasound echogenicity characteristics. More-

over, we have compared the performance our proposed method with a well-studied method that was

introduced by Zhao et al. (2013). The experimental results reported in the current study demonstrate

the feasibility of applying our proposed method to enable reliable, accurate, and efficient localization

and tracking of the needle using 3D motorized curvilinear ultrasound probes.215

The remainder of the paper is organized as follows. Section 2 presents the proposed needle localization

and tracking method. The experiments and analyses employed to evaluate the performance of the proposed

method are provided in section 3. The results, discussion, and conclusion are presented in sections 4, 5, and

6, respectively.
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