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Abstract—During ultrasound-guided percutaneous interventions, needle localization can be a challenge. To
increase needle visibility, enhancements of both the imaging methods and the needle surface properties have
been investigated. However, a methodical approach to compare potential solutions is currently unavailable. The
work described here involves automated image acquisition, analysis and reporting techniques to collect large
amounts of data efficiently, delineate relevant factors and communicate effects. Data processing included filter-
ing, line fitting and image intensity analysis steps. Foreground and background image samples were used to com-
pute a contrast-to-noise ratio or a signal ratio. The approach was evaluated in a comparative study of
commercially available and custom-made needles. Varied parameters included needle material, diameter and
surface roughness. The shafts with kerfed patterns and the trocar and chiba tips performed best. The approach
enabled an intuitive polar depiction of needle visibility in ultrasound images for a large range of insertion angles.
(E-mail: n.j.p.vandeberg@tudelft.nl) © 2018 The Author(s). Published by Elsevier Inc. on behalf of World
Federation for Ultrasound in Medicine & Biology. This is an open access article under the CC BY-NC-ND
license. (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Key Words: Ultrasound, Echogenicity, Visibility, Needle interventions, Experimental methods, Contrast-to-noise
ratio, Signal ratio, High-echoic range, Polyvinyl alcohol.
INTRODUCTION

Clinical background

Percutaneous needle interventions are commonly used

for the local diagnosis and treatment of deep-seated tis-

sue structures, such as lesions suspected of being cancer-

ous. Exemplar interventions include taking a biopsy and

treating tissue by radiofrequency ablation, during which

accurate needle placement is crucial. Imaging techni-

ques, such as ultrasound (US), computed tomography

and magnetic resonance imaging, provide guidance and

enable the inspection of lesion geometry and position

(Kunzli et al. 2011).
Needle localization in US images

About 70% of (interventional) radiologists have

reported that targeting in percutaneous interventions can
ddress correspondence to: Nick J. van de Berg, Department of
chanical Engineering Delft University of Technology, Mekel-
Delft 2628CD, The Netherlands. E-mail:
ndeberg@tudelft.nl
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be complicated by poor needle visibility (de Jong et al.

2018). Both the shaft and tip localization in the US frame

can be a challenge. Complicating factors can be subopti-

mal needle echogenicity, image plane alignment difficul-

ties and imaging artifacts, such as reverberations, comet

tails and shadowing effects (Chapman et al. 2006). Prag-

matic strategies to assess tip location include rocking the

transducer, advancing the instrument and injecting fluids

(Chapman et al. 2006). Although these dynamics-based

strategies are effective, it would be better to improve

needle visibility without movement.

To enhance needle visibility, both the imaging tech-

niques and the needles themselves can be improved.

Beam steering can be used to increase the return rate of

reflections from the needle surface back to the US trans-

ducer (Baker et al. 1999). Spatial compound imaging

has a similar effect (Cohnen et al. 2003; Wiesmann et al.

2013). No apparent beneficial results were, however,

obtained with the use of frequency compound imaging

or harmonic imaging techniques (Mesurolle et al. 2006).

In all, the most dramatic improvements came from
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adaptations of the needle surface (Nichols et al. 2003),

by means of coating (de Korte et al. 2012; Gottlieb et al.

1998), material scoring (Charboneau et al. 1990), dent-

ing (Miura et al. 2014) or introducing screw or sawtooth

patterns (Bigeleisen et al. 2016; Reading et al. 1987).

Finally, tip localization in color Doppler mode can be

improved by actively vibrating the needle during use

(Adebar et al. 2014; Cabreros et al. 2015; Harmat et al.

2006; Klein et al. 2007).
Related work

An overview of previously adopted experimental

methods used to quantify and compare proposed needle

visibility enhancing techniques is provided in Table 1.

These methods assess regions of interest on the needle

surface—the image foreground (FG). Shown are the

measurement techniques, the metrics used and the estab-

lishment of a reference area in the image with which the

needle is compared—the image background (BG).

Examples of well-defined BG areas include the full US

image masked by the FG (Bigeleisen et al. 2016), an

image sample of homogeneous tissue structures col-

lected adjacent to the needle (Culp et al. 2000) and a

fixed-size image sample collected directly above the

needle (Nakagawa et al. 2015).

Table 1 further outlines the use of the words visibility

and echogenicity as metrics in these studies. Different

measurement techniques have been associated with either

one of these metrics, suggesting that visibility and echoge-

nicity have not been clearly delineated in the literature. In

this article, the terms visibility and echogenicity are dis-

tinct factors in the quantitative assessment of imaged nee-

dles. The following etymology-based definitions are
Table 1. Studies on needle visibility or echogenicity in ultrasound ima
metrics and the backgrounds (BG). The strictness in defining BG areas
typically includes image ratings by experts, II denotes an area with a defi

M

Technique Visibility

Image rating Mesurolle et al. 2006
Gofeld et al. 2013
Uppal et al. 2014

Video rating Maecken et al. 2007
Guo et al. 2012
Munirama et al. 2015

Inter-procedural rating Gottlieb et al. 1998
Bergin et al. 2002

Spatial detectability Edgcombe and Hocking 2010
Hebard et al. 2011

Temporal detectability Kilicaslan et al. 2014
Abbal et al. 2015

Image intensity analysis Schafhalter-Zoppoth et al. 2004
Arif et al. 2018
Nakagawa et al. 2015
Bigeleisen et al. 2016
employed: visibility is the ability to be seen, and echoge-

nicity is the ability to generate (sound) reflections.

Because sound reflections are visualized in an US

image, it is clear that these terms are related. Nevertheless,

a surface that reflects strong signals may still not be clearly

visible in the image. A visible surface must produce echoes

differently from its surroundings; that is, the FG and BG

areas must be segregable. The contrast-to-noise ratio

(CNR) (Arif et al. 2018) aptly quantifies surface visibility

as it evaluates the difference in signal strengths. In turn,

echogenicity resembles a surface property, independent of

BG conditions. A signal ratio (SR) can be used to relate the

FG signal strength to that of a reflection standard.
Aim and approach

Many solutions have been proposed to improve needle

visibility in US images. However, an objective and efficient

approach for the evaluation of their efficacy is currently

lacking. Functional assessments will enable comparative

studies and guide advancements in this field. This article

describes a novel approach to comparing needle visibility

and echogenicity in US images. The data acquisition and

analysis methods were largely automated. Instead of re-

introducing the needle in numerous relevant orientations, a

rotational platform was used to study a full range of inser-

tion angles. Needle visibility was analyzed in polyvinyl

alcohol (PVA), which has good tissue resemblance in US

images (Arif et al. 2018; Surry et al. 2004). Needle echoge-

nicity was analyzed in water to reduce attenuations and dis-

tortions. Per video, a selection of frames were subjected to

tip search algorithms, yielding image FG and BG samples

and CNR/SR values. The approach was assessed in a com-

parative study of various needle surface treatments.
ges. The columns describe the measurement techniques, the used
is divided in three categories: I denotes an undefined area, which
ned size, and III denotes an area with a defined size and location.

etric

Echogenicity Background

Sviggum et al. 2013 I
Mariano et al. 2014

Fuzier et al. 2015 I

I

I

I

II

Culp et al. 2000 III
Nichols et al. 2003
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To allow evaluation, reproduction and extension of

the proposed methods and results, all of the associative

files, the data, the MATLAB and C (Arduino) codes and

the CAD models for 3-D printed and laser cut parts will

be made open source (available at: github.com/misitlab/

needles-in-ultrasound).
METHODS

To study the visibility and echogenicity of needles,

two measurement platforms were constructed (Fig. 1),

both containing D21X Xa curved array transducer (C5-2, Philips,

Amsterdam, Netherlands) connected to the US system

(HD7 XE, Philips, Amsterdam, Netherlands) and D22X Xa video

(MPEG-4) capturing device (USB3HDCAP, StarTech,

Lockbourne, OH, USA). This transducer type is com-

monly used in abdominal interventions. The US system

was set to a frequency of 5 MHz, an imaging depth of

15 cm and a focus depth of 9 cm. The gain setting was

varied per setup (PVA: gain = 25, water: gain = 0) to

visually match the image intensity at the depth of focus.

Both platforms included a stepper motor

(42BYGHM809, Wantai Motor, Jiangsu, China) that

was coupled to the needle via a fixture or needle tem-

plate. The motor enabled needle rotations in the longitu-

dinal imaging plane, simulating the variation of insertion

angles. The motor was connected to a microstepping

driver (Big Easy Driver, Sparkfun, Boulder, CO, USA)

and operated at a constant angular speed of 0.1 rad/s

(100 steps/s with 6400 steps in 2p rad), using a

microcontroller board (Arduino Uno R3, Arduino,
Fig. 1. Left: Needle visibility was analyzed in a polyvinyl alco
were inserted through a template to a depth where the tip coinc
depth of focus of the ultrasound transducer. The needle shaft
Right: Needle echogenicity was analyzed in a water-filled co
actuated a timing belt. A second pulley, providing the axis of

depth of focus of the transducer. An off-axis fixture en
Ivrea, Italy). The insertion angle range was limited to

25˚, ..., 180˚ by the needle�transducer contact.

Two cylindrical PVA specimens with a radius and

height of 100 mm were prepared for the visibility study.

One is illustrated in Figure 1 (left). Needles were

inserted to a depth of 100 mm, so that their tips coin-

cided approximately with the cylinder axis. A needle

template had holes at every 10 mm along the specimen

height and ensured an even distribution of insertion

paths. The transducer height was adjustable by means of

an all-thread rod, which enabled the alignment with the

needle. The transducer was fixed to a linear micro-stage

(PT1/M, Thorlabs, Newton, NJ, USA) to ensure contact

between the transducer and the specimen.

During the echogenicity study, the measurement plat-

form in Figure 1 (right) was below the water. Motor shaft

rotations were transmitted with a timing belt and two

equal-sized pulleys. The pulley that was below water level

had its rotational axis aligned with the focus depth of the

US transducer and with the FG on the needle shaft.
Specimens

A 4 m% (percentage by mass) super-hydrolyzed PVA

(Selvol PVOH 165, Sekisui Chemical Group, Secaucus,

NJ, USA), 1 m% scattering agent (Silica gel 60, Merck

Sharp & Dohme [MSD], Haar, Germany) solution in water

was used for the visibility study. Specimens were subjected

to two freeze�thaw cycles, according to the protocol in

(de Jong et al. 2017), aimed to mimic human liver tissue.

The water container floor and walls were outside

the US field of view. A polished stainless-steel plate
hol specimen placed on top of a rotary platform. Needles
ided with the rotational axis of the platform and with the
FGs was analyzed at a variable offset (l0) from the tip.
ntainer. A stepper motor (hidden behind the top pulley)
rotation of the needle, was submerged and located at the
abled a clear view of the needle from all angles.
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(10£ 10£ 2 mm) was used as a reference specimen to

approximate a reflection optimum. This specimen was

positioned at the focus depth, facing the transducer,

resulting in high specular reflections and a bright white

area in the image.
Needles and surface treatments

Six of the included needles, illustrated in Figure 2,

were custom-made, whereas two were commercially

available: an 18G needle (Trocar, Cook Medical, Bloo-

mington, IN, USA) and a 22G needle (Chiba, Angiomed,

Karlsruhe, Germany). The material surface was treated by

means of polishing (Nos. 1 and 2), sand blasting (No. 4)

or electric discharge machining (EDM, Nos. 5and 6). The

patterns kerfed in the EDM-treated needles were

selected for their resemblance to compliant joints in

steerable needle designs (Henken et al. 2017; van de

Berg et al. 2017). Both kerf types were of equal size

(width = 0.1 mm, depth = 0.5 mm), but the second had

additional beveled edges (45˚£ 0.2 mm), which may

increase the specular reflections for a specific insertion

angle range. Other relevant production details are listed

in Figure 2 and Table 2, where the arithmetic average
Fig. 2. Six manufactured (1�6) and two commercially availabl
distance l0 = 20 mm from the tip. All needles were analyzed o

(5, 6) are shown in a cross-sectional view, where a1 = a2
roughness values, Ra, were obtained over a length of

10 mm, using a surface roughness tester (Surftest SJ-

301, Mitutoyo, Kawasaki, Kanagawa, Japan).
Image acquisition

The experiments in water and PVA were conducted

in sequence. Per experiment and needle type, 10 videos

of needle rotations in the longitudinal imaging plane

were acquired. The experimental design incorporated a

randomization of needle types.

Videos were processed in MATLAB (R2017b, The

MathWorks, Natick, MA, USA). The constants used are

listed in Table 3. A manual segmentation step was per-

formed for two image frames that were collected at one-

fifth and four-fifths of the video duration (Fig. 3). The

segmented needle orientations were used to synchronize

the video duration D23X Xwith the angular needle motion. A lin-

ear inter- and extrapolation yielded the frames for the

“insertion angle” range Du = 25˚, 30˚, . . ., 180 D̊24X X. At 180˚,

the needle tip pointed toward the transducer. For larger

angles, an imaging symmetry was assumed. Next, the

average of the manually segmented tip positions was

used to estimate the center of rotation (CoR) of the
e (7, 8) needles were used. Needles 4�6 were treated at a
ver the lengths lFGt = 2 mm and lFGs D1X X= 20 mm. The kerfs
= 1 mm, b1 = b2 = 0.5 mm, and c2 = 45˚£ 0.2 mm.



Table 2. Production details.*

No. Type Diameter (mm) Tip Surface Ra (mm)

1 Steel (c) 1 Conical P 0.13
2 Steel (c) 2 Conical P 0.08
3 Nitinol (c) 2 Conical U 0.09
4 Steel (c) 2 Conical SB 0.66
5 Steel (c) 2 Conical EDM 8.21
6 Steel (c) 2 Conical EDM 41.20
7 Trocar 18G 1.3 Diamond U 0.39
8 Chiba 22G 0.7 Bevel U 0.35

Steel reference (c) — — P 0.10

*All custom-made needles (c) were constructed from stainless steel (Steel), except for needle 3, which was made from superelastic nitinol (Nitinol).
The FGs surface treatment was either polishing (P), sandblasting (SB) or electric discharge machining (EDM). The remaining needles were considered
to have an unknown/untreated (U) surface quality.

Table 3. Definition of constants used in the MATLAB video
processing functions.

Constant Value Unit Description

Du [25,30, ...,180] ˚ Evaluated angular range
ln 45 mm Evaluated needle length
lFGt 2 mm FGt (tip) sample length
lFGs 20 mm FGs (shaft) sample length
dFG See Table 2 mm FG sample width equal to needle

diameter
dBG 2 mm BG sample width
ds 2 mm Distance between FG and BG

samples
dR 100 pixels Size used in ROI construction
sROI dR, 2dR pixels Dimensions of ROI:Dxr, Dyr
sref 2, 10 mm Dimensions of reference speci-

men: Dx,Dy
ip 50 — Array length for a peak search

function

BG = background; FG = foreground; ROI = region of interest.
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imaged needle. A rotation matrix generated tip position

estimates, bp, per image frame, n, according to the equation

bp nð Þ ¼ bpx nð Þbpy nð Þ

" #
¼ cos u nð Þ �sin u nð Þ

sin u nð Þ cos u nð Þ
� �

¢ bpx 0ð Þbpy 0ð Þ

" #
ð1Þ

Here,
bpx 0ð Þbpy 0ð Þ

" #
was the tip position in one of the

manually segmented image frames (n = 0), and u(n) was

the D25X Xangle between this needle and the desired angle for

image frame n.
A rotated region of interest, ROI(n), was defined bybp nð Þ and u(n), in such a way that the needle was oriented

horizontally and that bp0 ¼
� bp0

x0bp0
y0

�
¼ 50

50

" #
. The primes

indicate the use of the local frame of ROI(n), in which

the tip position estimate was fixed. Exemplar ROIs are

illustrated in Figure 3. From each ROI, FG and BG sam-

ples were collected in a series of image processing steps.
Image processing algorithm

A flowchart of sequential processing functions is

shown in Figure 4. The outputs were the image samples

of the tip, IFGt, shaft, IFGs, tissue, IBG and the observed

tip position, p’(n). The algorithm outputs are visualized

in Figure 5 for one of the measurements in PVA. Input

variables were {n, ROI(n), p0(n � 1)}. For n > 1, the

observed position in the last frame acted as an update for

the tip position estimate, that is, p̂0ðnÞ ¼ p0ðn�1Þ. The
main function blocks included filtering, line fitting and

intensity analysis steps.
ROI filtering

The black BGs of the measurements in water did

not require any image filtering steps. The ROI filtering

algorithm was reduced to a single step in which all pixel

values that were situated a distance ds from p̂x0ðnÞ were
set to zero. This narrowing of the ROI was used to trim

reverberations.

The filtering algorithm was elaborated for the runs

in PVA to accommodate robust use in heterogeneous

and noisy structures. A filtering mask was created to

penalize intensity values away from the needle estimate.

This weakened reverberation artifacts and made the

approach more conservative. The mask was composed

of two parabolic functions that affect the ROI rows and

columns, respectively

fp1ðx0;nÞ ¼� x0 �ðbpx0 nð Þ � dsÞ
ds

� �2

þ 2 ¢ x0 �ðbpx0 nð Þ�dsÞ
ds

; for x0 2N : 1� x0� dR

ð2Þ

fp2 y0ð Þ ¼ � 2y0

dR

� �2

þ 4y0

dR
; for y0 2 N : 1 � y0 � dR

2
ð3Þ



Fig. 3. Left: Overlap of the two US frames used in the manual needle segmentation step. The manual inputs are indi-
cated by the lines SN1/5 and SN4/5. The average tip position yielded a center of rotation (CoR) in the imaging plane.
Local coordinate systems defined the regions of interest (ROIn). Exemplar ROIs for the angles 70˚, 75˚, . . ., 90˚ are
shown on the right. In this range, specular reflections run from the right to the left side in the ROI. This effect is caused

by the curved placement of the array elements in the transducer.
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The filtering mask is shown in Figure 5b and a proc-

essed ROI in Figure 5c. The values for ds and dR are

specified in Table 3. The peak of fp1 has a value of 1 and

is located at p̂x0ðnÞ: The function roots are a distance 2ds
apart. Values of fp1 below zero were automatically

clipped. The filtered image, ROIf, was subsequently

derived from

ROIf nð Þ ¼ ROI nð Þ ¢ fp1 nð Þ ¢ fp2 ð4Þ

Line fitting

Linear indexing of ROIf(n) was useful in creating a

single data array that resembled a concatenation of
Fig. 4. Image analysis flowchart with frame number n, tip esti
and an update of the tip position were outputs. The main funct

steps. ROI = regio
needle cross sections. This array was subjected to a peak

search function, and the median position of the ip highest

intensity peaks gave a zero polynomial constant, c0. The

resulting needle model is described by the equation

fneedle nð Þ ¼ c0 nð Þ ð5Þ
The advantage of this notation is that it allows for a

swift code extension to higher polynomial orders, for

example, to assess needles that follow a curved trajectory.
Intensity scan

The intensity values along fneedle(n) were analyzed

to find p0(n); the image samples IFGt(n), IFGs(n) and
mate and ROI(n) as inputs. The image intensity samples
ions included ROI filtering, line fitting and intensity scan
n of interest.



Fig. 5. Image processing steps in PVA, revealing (a) the unfiltered ROI; (b) the filtering mask; (c) the filtered ROI
including the line-fitting results based on the ip peaks and the tip position; and (d) the derived image intensity samples

IFGt, IFGs and IBG. The tip position of p
0 and offset l0 were derived from intensity scans. ROI = region of interest.
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IBG(n); and their mean intensity values ῙFGt(n), ῙFGs(n)
and ῙBG(n). A scanning region, ROIs, was constructed

using

fp3 y0ð Þ ¼ ðdR �y0Þ=dR for y0 2N : 1� y0 � dR
0 for y0 2N : y0 >dR

�
ð6Þ

ROIs nð Þ ¼ ROIf nð Þ ¢ fp3 ð7Þ
Here, the function fp3 decreased linearly from 1 to 0

within the first dR values. This step enacts an intensity

search preference, as we know the tip will be pointing to

the left.

To find the tip position, a moving average was com-

puted along fneedle(n) in ROIs(n). A search window (lFGt,

dFG) ran in the range min{bpyʹ(n¡2), . . .,bpyʹ(n)} + [�2lFGt, 2lFGt]. The min function made this

range conservative in case echogenic tissue structures

temporarily obscured the tip. The location, py0ðnÞ, of the
highest average intensity, ῙFGt(n), completed p’(n), in

accordance with

p0 nð Þ ¼ c0 nð Þ
py0 nð Þ

� �
ð8Þ

The offset, l0(n), between the tip and IFGs was found

in a second moving average that was computed along

fneedle(n), this time in ROIf(n). A search window (lFGs,

dFG) ran along the remaining needle length, [pyʹ(n) + lFGt,

pyʹ(n) + ln]. The location of the highest average intensity,
ῙFGs(n), provided l0(n). All image intensity samples were

derived from p’(n) and l0(n) (see Fig. 5d).

In water, four reference measurements were col-

lected, spread out over the experiment. Static image

samples of the reference specimen (size sref, see Table 3)

were registered manually and analyzed for 5 s per video.

The average image sample intensity was Ῑref = 235 § 8

(mean § standard deviation [SD]).

In PVA, IBG(n) samples were collected above the

corresponding FG samples, as in Nakagawa et al.

(2015). These samples were composed of a horizontal

concatenation of two image portions, collected a dis-

tance ds above IFGt(n) and IFGs(n), respectively.
Echogenicity and visibility metrics

The echogenicity of the tip and shaft was evaluated

with a SR, according to

SRt nð Þ ¼ IFGt nð Þ
Iref nð Þ and SRs nð Þ ¼ IFGs nð Þ

Iref nð Þ ð9Þ

and the visibility with a CNR, according to

CNRt nð Þ ¼ jIFGt nð Þ�IBG nð Þj
sBG nð Þ and

CNRs nð Þ ¼ jIFGs nð Þ�IBG nð Þj
sBG nð Þ

ð10Þ



Fig. 6. Polar visualization of needle tip echogenicity, with SR values (radial coordinate) against insertion angles (angu-
lar coordinate). The color bands indicate the median § standard deviation contours. The median range for which SR >

0.5 is represented by arc sections. SR = signal ratio.
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Here, sBG was the SD in the image intensity of

sample IBG.

Note that SR = 1 presents the case where the aver-

age intensity of the tip or shaft is equal to that of the ref-

erence surface.

Methods for data summary and statistical analysis

The comparison of surface treatments consisted

of the evaluation of polar data plots, in which the
Fig. 7. Polar visualization of needle shaft echogenicity, with
(angular coordinate). The color bands indicate the median § s

SR > 0.5 is represented by arc s
medians § SD of SR/CNR values were depicted for

the Du range. A threshold was set at SR = 0.5 or

ῙFG = 0.5Ῑref to discriminate between a high and a low

echogenicity. As a summary value, the high-echoic

range was defined by the first and last frames at

which the echogenicity was high. These ranges were

compared with a Kruskal�Wallis test (p < 0.05). Per

needle pair, a post hoc Mann�Whitney U-test was

performed.
SR values (radial coordinate) against insertion angles
tandard deviation contours. The median range for which
ections. SR = signal ratio.



Table 4. Needle tip comparison chart, indicating differences in D2X Xhigh-echoic-range median values. D3X X

Needle Range 1 2 3 4 5 6 7 8

1 (Steel-p 1 mm) 55˚ * ** 0.16 ** 0.38 *** **
2 (Steel-p 2 mm) 43˚ * 0.62 0.32 0.76 *** **
3 (Niti-u 2 mm) 85˚ * *** * *** **
4 (Steel-sb 2 mm) 48˚ 0.20 0.97 *** *
5 (Steel-edm1 2 mm) 38˚ 0.18 *** ***
6 (Steel-edm2 2 mm) 45˚ *** **
7 (Trocar-u 18G) 155˚ ***
8 (Chiba-u 22G) 133˚

Mann�Whitney U-test: *p< 0.05, **p < 0.01, and ***p < 0.001,
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RESULTS

The needle tip and shaft echogenicity are visualized

in Figures 6 and 7, respectively. Most plots exhibit dis-

tinct peaks near the 90˚ angle, resulting from specular

reflections returning to the US transducer.

The data indicate that the beveled (Chiba) and

diamond (Trocar) tips of the commercially available

needles had a high SR for nearly the full range of

angles. In contrast, the high-echoic range of the cus-

tom-made conical tips was much smaller. The nitinol

tip gave high SR values (�0.5) for the first half of

the angular range. The data and statistical test results

are summarized in Table 4.

Low SD values of the needle shaft echogenicity

indicate good data reproducibility. The highest return

rates of specular reflections (SR peaks) typically

occurred near the 80˚angle, which can be attributed to

the use of a curved-array transducer, together with the

fact that IFGs samples were collected somewhat to the

right (off-center) in the US image.

The EDM-treated needles had the largest high-

echoic range. It equaled the evaluated angular range.

The Trocar needle shaft outperformed the Chiba

shaft. In turn, the Chiba shaft was better than the

other custom-made needles (see Table 5). Also in the

low-echoic regions, the SR values of the commer-

cially available needles seemed higher than those of

needles 1�4.
Table 5. Needle shaft comparison chart, indicating d

Needle Range 1 2 3

1 (Steel-p 1 mm) 20˚ 0.96 0.62
2 (Steel-p 2 mm) 20˚ 0.58
3 (Niti-u 2 mm) 20˚
4 (Steel-sb 2 mm) 15˚
5 (Steel-edm1 2 mm) 155˚
6 (Steel-edm2 2 mm) 155˚
7 (Trocar-u 18G) 35˚
8 (Chiba-u 22G) 25˚

Mann�Whitney U-test: *p< 0.05, **p < 0.01 and ***p < 0.001.
No differences were observed between EDM-

treated needles (p = 0.37). In addition, no differences

were found among tested levels in surface roughness

(Steel-p 2 mm vs. Steel-sb 2 mm), needle diameter

(Steel-p 2 mm vs. Steel-p 1 mm) and material type

(Steel-p 2 mm vs. Niti-u 2 mm).

The visibility of the needle tips and shafts in PVA

are presented in a similar way, in Figures 8 and 9. The

color bands are generally wider, indicating a larger vari-

ation (SD) in data values. In agreement with the experi-

ments in water, the Chiba and Trocar needle tips and the

EDM-treated shafts resulted in high visibility for the full

angular range.

DISCUSSION

In recent years, various needles have been marketed

that claim to have echogenic features that locally

increase the scattered or specular retroreflection of US

waves. However, a methodical approach for the

D26X Xassessment and comparison of these needles has been

lacking. Described here is a new and automated method

to acquire, analyze and visualize needle echogenicity

and visibility in US frames for any pre-selected range

and resolution of insertion angles. The initiation and syn-

chronization of the stepper motor and video capturing

device required two manual segmentations. The analysis

makes use of the unwavering mechanical properties of

water and stainless steel (the reflection standard) to
ifferences in D4X Xhigh-echoic-range median values. D5X X

4 5 6 7 8

0.14 *** *** *** **
0.08 *** *** *** **
* *** *** *** **

*** *** *** **
0.37 *** ***

*** ***
**
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Fig. 8. Polar visualization of needle tip visibility, with CNR values (radial coordinate) against insertion angles (angular
coordinate). The color bands indicate the median § standard deviation contours. CNR = contrast-to-noise ratio.

Fig. 9. Polar visualization of needle shaft visibility, with CNR values (radial coordinate) against insertion angles (angu-
lar coordinate). The color bands indicate the median § standard deviation contours.

Needle Visibility/Echogenicity in US Images � N. J. VAN DE BERG et al. 1007
secure a repeatable process. An in-progress and high-

fidelity extension of this work includes ex vivo speci-

mens embedded in rotating cylindrical gelatin blocks.

Although the methods described are efficient and

new, the results obtained are in line with the literature

and expectations. Insertion angle acuteness strongly

affected needle visibility (Nichols et al. 2003), and

kerfs or grooves increased visibility (Bigeleisen et al.
2016; van de Berg et al. 2018). The conical tips had

poor echogenic performance, which may result from a

low rate of reflections returning from a convex tip

surface.

The relatively good performance of the Chiba and

Trocar needle shafts could not be directly attributed to

surface roughness, needle diameter or needle material.

Other factors that may interact with echogenicity, but
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were not studied, include a miniature air gap between the

needle stylet and cannula or the presence of any lubrica-

tion layers or coatings.

The main limitation of this work is the absence of a

clinical criterion for needle visibility. The threshold

value SR = 0.5 was used to evenly discriminate high

from low reflective signal strengths. This was a mathe-

matically valid, but clinically arbitrary choice. Ideally,

threshold values should be established in high-fidelity

environments that are also highly reproducible. These

conditions are currently unavailable.

Because vision parameters, such as contrast sensi-

tivity, vary between individuals, needle visibility is sub-

ject dependent. Furthermore, users can train to look for

particular visual cues. For instance, users may estimate

the needle position based on tissue motion or distortion.

These notions were reflected by numerous user rating-

based studies in Table 1. Variations in perception are

highly relevant for the clinical task, but they interfere

with the study of technical developments. This moti-

vated the focus on measurable differences in the image.

Because of the post-processing nature of this work,

it was considered unnecessary to automatically synchro-

nize the operations of the stepper motor and video cap-

turing device. As a result, initial estimates for the search

area and insertion angle relied on manual inputs. These

estimates may also be obtained by Hough transforms

(Okazawa et al. 2006) or optical flow analysis (Bouguet

2000). This may enable real-time needle visibility

assessments, which can be of use in 3-D US slice detec-

tion or in uncertainty-based motion planning for steer-

able needles (Alterovitz et al. 2008).
CONCLUSIONS

This article describes systematic methods to

acquire, analyze and display the visibility and echoge-

nicity of needles in US images for a full range of inser-

tion angles. The approach was based on a contrast-

to-noise ratio and a SR, respectively. An evaluation

study was included to compare the effects of various

needle surface treatments. The data are presented by

contour plots that intuitively discriminate between nee-

dles with a wide or a narrow high-echoic range. The best

performance was attributed to the Trocar and Chiba nee-

dle tips and to the EDM-treated shafts. These shafts sim-

ulated flexure joint structures, which can be found in

steerable needles.
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