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Abstract. Spinal interventional procedures such as lumbar puncture require to 

insert an epidural needle through spine without touching the surrounding bone 

structures. To minimize the number of insertion trials and insert through a desired 

direction, an image-guidance technique is necessary. Single-element needle-

based ultrasound system is composed of a needle-shaped ultrasound transducer 

that was mechanically moved to image a spine from skin surface. The needle and 

imaging direction are inherently registered so that a registration free image 

guidance is possible. The objective of this study is to show the feasibility of 

needle-based single-element ultrasound imaging on in vivo spine tissue. The 

experimental validation was performed on a metal wire phantom, ex vivo porcine 

bone in both water tank and porcine tissue, and spine on living swine model. The 

needle-shape ultrasound was swept in the lateral direction, and the synthetic 

aperture focusing was applied to reconstruct B-mode image. The needle-based 

ultrasound system could visualize the structure, while the reverberation and multi-

reflection associated with the needle shaft were observed. These results suggest 

the potential of the system to be used for in vivo environment. 

1 Introduction  

Lumbar puncture (LP) is an interventional procedure for collecting cerebrospinal 

fluid (CSF), which is used to diagnose central nervous system disorders such as 

encephalitis or meningitis [1]. LP requires inserting a needle into the lower lumbar 

intervertebral space, and conventional LP is mostly performed without image assistance 

or guidance. This often results in misdiagnosis or damage to surrounding neurovascular 

structures [2-6]. Obese patients with thick adipose tissue layer further complicate the 

procedure, and consequently the rate of overall complications doubles compared to non-

obese patients [7-8]. Many image-guided solutions have been proposed to resolve this 

challenge, and a typical approach is to project needle position into external medical 

imaging modalities such as ultrasound or CT [9-12]. However, this approach not only 

increases the cost by introducing bulky systems, but also has a limited tracking accuracy 

depending on the registration performance. Therefore, a low-cost and registration-free 
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guidance system is in demand. 

Here, we propose a simple and direct needle insertion platform, enabling image 

formation from sweeping a needle with single element ultrasound transducer at the its 

tip. This needle-embedded ultrasound transducer can not only provide one-dimensional 

depth information as Chiang et al. reported [13-14], but also visually locate the 

structures by combining transducer location tracking and a synthetic aperture focusing 

algorithm [15-17]. This system can minimize the hardware cost for production due to 

its simplicity, and more importantly does not require registration process as the needle 

and ultrasound images are co-registered by nature. In the prior study, we built a proto-

type system which consists of a needle-shape transducer and a mounting holster that 

tracks the rotational position of the needle [18-19]. While the developed system could 

image wire and spine phantom inside the water tank, the remaining question was that if 

the system can provide sufficient contrast from a spine under practical environments, 

where the spine is covered by muscle and fat tissue layers. Therefore, this paper focuses 

on the validation of the technique with the presence of realistic tissue layers through 

both ex vivo and in vivo experiments.  

2  Materials and Methods  

2.1   Needle-Based Ultrasound Imaging and Synthetic Aperture Focusing 

The proposed needle-based ultrasound imaging system is namely a needle-shape 

device that functions as an ultrasound transducer. This transducer can transmit and 

receive ultrasound signals, and collects A-line data. By tracking the position of the 

needle while applying the motion, a virtual array is formed to build a B-mode image 

[18]. From the image, the operator can identify the position and angle of needle 

insertion. Synthetic aperture focusing is the reconstruction step to synthesize coherent 

sub-aperture information at each position of the needle and to form a final image with 

higher resolution and contrast. In this paper, the translational motion was applied using 

the translation stage. 

2.2  Experiment Setup 

As the imaging system, a needle-shaped ultrasound transducer (ndtXducer, USA) 

that includes the PZT-5H element on the tip was used. The diameter of the element was 

1 mm, and its center frequency is 2.17 MHz with a -6db bandwidth of 0.32 MHz. The 

electrodes of the element are connected to a coaxial cable with a BNC connector so that 

the needle could be connected to sampling devices. For ultrasound pulse generation and 

A-line ultrasound signal sampling, US-WAVE (Lecouer, France) is connected to the 

element electrodes with a 100 Ohm input impedance. The needle was fixed on a 

translation stage, and we moved it in 0.5 mm step to form a virtual linear array.  

The developed system was tested with a metal rod phantom as well as ex vivo and 

in vivo porcine spine. For the ex vivo study, the porcine spine was placed inside the 



water tank to confirm the contrast from the bone without the tissue layer first. Then, a 

porcine muscle tissue layer with 2-3 cm thickness was placed on the top of spine and 

imaged. Finally, the spine of a Yorkshire pig was imaged for in vivo validation, where 

the dorsal part of the pig was faced top, and the imaging system was fixed on the 

translation stage and placed above skin surface. Ultrasound gel and water covered by 

plastic frame and plastic wrap were used for acoustic coupling. The pig was 

anesthetized, and the minimal respiratory motion was maintained during the imaging 

sessions. 

 
Fig. 1. Experimental setup of phantom and ex vivo experiments. The needle-shape 

ultrasound transducer is held by a gripper which is connected to a translation stage.  

3  Results 

3.1  Phantom Study 

 
Fig. 2. The needle-based ultrasound images of the metal rod with and without synthetic 

aperture focusing. The numerical scale is mm. 



Figure 2 shows the imaging result of the metal rod phantom. Without synthetic 

aperture focusing, the metal rod structure was defocused because there is no acoustic 

focus embedded in the single element transducer. With the synthetic aperture focusing, 

the metal rod shape appears as its original shape and size although reverberation and 

multi-reflections are observed beyond the metal rod due to the single-element needle 

structure. The speed-of-sound was set to 1490 m/s, the aperture size of 40 mm was used 

in beamforming. 

3.2  Ex Vivo Demonstration  

 
Fig. 3. The needle-based ultrasound images of ex-vivo porcine spine placed inside the 

water tank. (a) Before and (b) after applying synthetic aperture focusing. The numerical 

scale is mm. (c) The reference image taken at the similar region using a commercial 

ultrasound scanner. 

 

We tested the visibility of ex vivo porcine spine under two conditions. In the first 

condition, we placed porcine spine bones surrounded by a thin muscle tissue at the 

bottom of a water tank. A clinical ultrasound scanner (SonixTouch, Ultrasonix, Canada) 

with a convex probe (C5-2, Ultrasonix, Canada) was used to confirm the bone structure 

for reference. We collected A-line data at 80 positions by moving in 0.5 mm step in the 

sagittal plane direction. In Fig. 3, two images are shown for comparison: an image built 

without synthetic aperture focusing, and the other image with synthetic aperture 

focusing, where the aperture size of 40 mm was used. Although a bone structure located 

at the left side of the images was depicted in both images, the other bone located at the 

right side of the images is clearly visible only in the image with synthetic aperture 

focusing.   



 

Fig. 4. The needle-based ultrasound images of ex-vivo porcine spine placed under the 

porcine tissue. (a) Before and (b) after applying synthetic aperture focusing. The 

numerical scale is mm. (c) The reference image taken at the similar region using a 

commercial ultrasound scanner. 

 
In the second condition, we performed spine bone imaging through porcine muscle 

tissue to observe the tolerance to a more challenging environment. We stacked a porcine 

muscle layer on top of the spine bone. The received echo signals were attenuated more 

compared to the previous ex vivo experiment in the water tank. Two bone structures 

were confirmed in the synthetic aperture focusing image while these structures were 

barely visible before applying the synthetic aperture focusing.     

3.3  In Vivo Demonstration  

A spine of Yorkshire pig was imaged for in vivo validation. We scanned the porcine 

spine from both sagittal and transverse planes. In both cases, the imaging needle was 

translated for 40 mm corresponding to 80 positions. We used a commercially available 

convex probe (C3, Clarius, Canada) for reference. To minimize the effect of motion 

artifact, the aperture size of 20 mm was used in beamforming. Figures 5 and 6 show the 

results. For the sagittal view, two spinous processes were captured in the needle-based 

ultrasound image, and the position of these processes matched with that in the reference 

image. For the transverse view, it was challenging to confirm the same structure visible 

in the reference image, but the signal from the processes and facet could be seen in the 

synthetic aperture focusing image. Nonetheless, the imaging system suffers from the 

noises caused by respiratory motion, ultrasound reverberations and multi-reflections.         



 
Fig. 5. Experimental results of in-vivo porcine spine images in the sagittal plane. (a) The 

reference image taken using a commercial ultrasound scanner, and (b) the needle-based 

ultrasound image. The numerical scale is mm. (c) The comparison of the highlighted 

region of (a) (left) and (b) (right). The yellow arrow indicates the bone structure. 

 
Fig. 6. Experimental results of in-vivo porcine spine images in the transverse plane. (a) 

The reference image taken using a commercial ultrasound scanner, and (b) the needle-

based ultrasound image. The numerical scale is mm. (c) The comparison of the 

highlighted region of (a) (left) and (b) (right). The yellow arrow indicates the bone 

structure. 



4  Discussion and Conclusion 

The current standard of care for LP introduces a wide range of iatrogenic 

complications and places a heavy financial burden on the patient, physician, and 

healthcare system overall. Our cost-effective single-needle ultrasound system would 

lead to fewer unnecessary and expensive consequent procedures. Point of care 

ultrasound technologies need to provide a solution that is built around efficiency within 

the current workflow. The proposed system accomplishes this by implementing an 

imaging modality to the current needle itself, providing those important advantages. 

With addition of the imaging modality, physicians can be trained for LP in a shorter 

time, without the hassle of keeping track of a separate imaging probe. 

   In this work, we showed the feasibility of the proposed system under in vivo 

environment and the potential for clinical translation. However, the reconstructed 

images suffer from artifacts and noises caused by the current needle structure and the 

sampling device. The image quality can be enhanced by improving the needle 

fabrication and signal sampling and processing method.  
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