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Abstract
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Needle visualization in ultrasound-guided procedures can be challenging, particularly in
contrast-specific imaging-mode. While diagnostic accuracy during CT-guided transthoracic
lung biopsies is generally high, non-diagnostic results still occur and could potentially be
reduced through image-based confirmation of whether the target was hit as intended. Two
needle priming applications aimed at addressing these challenges were evaluated: (1) using
the ultrasound contrast agent (USCA) sulfur hexafluoride to enhance needle visibility during
ultrasound-guided procedures, and (2) using iodine contrast media to confirm biopsy locations
during CT-guided procedures.

Paper I: Fine needles and separable core biopsy needles were primed with USCA. Punctures
were performed in butchered bovine liver and a water bath model, followed by an evaluation of
needle visibility. Results were mixed in B-mode, while USCA priming consistently improved
needle visibility in contrast-specific imaging-mode for core biopsy needles but not for fine
needles.

Paper II: Core biopsy needles of the side-notch type (used with reusable instruments) were
primed with two different concentrations of iodine contrast media using a membrane device.
In CT-guided biopsies with these primed needles, high-attenuation traces at biopsy sites were
successfully created in a blood pudding phantom model, with superior results at the higher
contrast agent concentration.

Paper III: USCA priming was performed using a 1 mL syringe on difficult-to-separate and
non-separable core biopsy needles, as well as coaxial introducer needles. Needle visibility was
evaluated in a water bath model. USCA priming, almost without exception, enhanced visibility
in contrast-specific imaging-mode.

Paper IV: Non-separable core biopsy needles were primed as in Paper III and evaluated in
an in vivo porcine model. USCA priming, with few exceptions, improved needle visibility in
contrast-specific imaging-mode but slightly worsened it in B-mode.

These findings support the clinical use of USCA needle priming for ultrasound-guided
core biopsy procedures performed in contrast-specific imaging-mode where needle visibility is
limited. However, the results do not support its use in B-mode. Iodine contrast agent needle
priming showed promise for confirming biopsy locations during CT-guided procedures, but
further in vivo validation is required. The method’s clinical value is, however, uncertain, as
newer, lighter full-core biopsy guns seem to offer a simpler solution.
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Abbreviations 

B-mode Brightness mode 
CBN Core biopsy needle (the needle) 
CEUS Contrast-enhanced ultrasound 
CEUS-mode Contrast-specific imaging-mode 
CIN Coaxial introducer needle 
CNB Core needle biopsy (the procedure) 
CNR Contrast-to-noise ratio 
CT Computed tomography 
FC-ABG Full core automated biopsy gun 
FN Fine needle 
FNAC Fine needle aspiration cytology 
ICM Iodinated contrast media 
MI Mechanical index 
NSS Normal saline solution 
SF6 Sulfur hexafluoride 
SN-ABG Side-notch automatic biopsy gun 
SN-SBG Side-notch semiautomatic biopsy gun 
TTNB Transthoracic needle biopsy  
US Ultrasound 
USCA Ultrasound contrast agent 
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Preface 

A course on contrast-enhanced ultrasound in Hannover in 2015 sparked an 
interest in the extravascular applications of ultrasound contrast agents, where 
it was demonstrated that drainage tubes and fine needles could be filled with 
these agents to enhance visibility. After some experiments with ultrasound 
contrast agents and biopsy needles, these ideas resulted in a doctoral project. 
After several years and a few detours, the journey culminated in this thesis, 
with the hope that the methods developed will benefit the patients who will be 
subject to their application. 

 



 

 13 

Introduction 

Cancer encompasses approximately 200 distinct diseases united by irregular 
cellular proliferation, which may possess the capability to infiltrate or metas-
tasize to different regions of the body (1). It stands as a prominent contributor 
to mortality and years of life lost, showing a rising trajectory over time and 
consequently escalating the overall burden of the disease (2). Modern cancer 
care heavily relies on anatomic pathology, where obtaining enough repre-
sentative sample material is crucial for the pathologist to make a diagnosis, 
thereby enabling subsequent treatment. Besides being employed for identify-
ing and categorizing tumors as benign or malignant, various imaging modali-
ties are also used to guide accurate tissue sampling of identified lesions. This 
thesis investigates ways to improve tissue sampling techniques guided by ul-
trasound (US), with a specific emphasis on contrast-enhanced ultrasound 
(CEUS), as well as those guided by computed tomography (CT). First, rele-
vant tissue sampling techniques will be discussed, followed by key aspects of 
the modalities used for guidance, including areas where the thesis project 
aimed to advance image-guided tissue sampling. 

Tissue sampling 
"No meat, no treat" and "the tissue is the issue" are two slang expressions that 
aptly summarize how crucial obtaining enough sample material is for the 
pathologist to make a diagnosis, thereby enabling subsequent treatment. Sam-
pling is vital not only for histological diagnosis but also for determining bi-
omarker status, which plays an increasingly important role in guiding stand-
ard-of-care therapy for various solid tumors (3). There are several methods of 
retrieving the required material, such as surgical biopsy, fine needle aspiration 
cytology (FNAC), and core needle biopsy (CNB). 

A surgical biopsy involves the surgical excision of tissue, generally provid-
ing an abundant amount of sample material but with a relatively high degree 
of invasiveness. In contrast, FNAC yields limited material (not always suffi-
cient for diagnosis and molecular pathological analysis) but is typically the 
least invasive of the sampling methods mentioned above. A CNB often pro-
vides an acceptable yield of tissue with limited risk of complications and is 
therefore often the standard choice for sampling (4-6). 
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The core needle biopsy 
CNBs can be obtained using various techniques, typically involving spring-
loaded guns equipped with a handle to which a core biopsy needle (CBN) is 
attached, resulting in oblong tissue samples. The guns can essentially be di-
vided into two principal categories based on the type of biopsy needles used: 
side-notch (side-cutting) and full core (end-cutting) (5).  

Side-notch biopsy guns 
The side-notch biopsy needle, often referred to as the "Tru-Cut needle" (which 
is now marketed by Merit Medical Systems, Inc., South Jordan, UT, USA), 
was introduced in 1969 by Rake et al. and has long been the gold standard for 
performing CNBs (7). The sampling principle is based on a CBN consisting 
of an inner stylet with a side notch that acts as a sampling chamber, combined 
with a cutting outer cannula, as schematically illustrated and described in Fig-
ure 1. The original Tru-Cut needle required a two-handed grip for manual 
sampling. Nowadays, two types of biopsy guns based on the original "Tru-
Cut® needle" are used, often categorized as either side-notch automatic bi-
opsy guns (SN-ABGs) or side-notch semi-automatic biopsy guns (SN-SBGs) 
(8). 
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Figure 1. In the side-notch core biopsy needle, the inner stylet is beveled and features 
a side notch. In steps I–II, the needle tip is positioned at the border of the lesion to be 
sampled. In step III, the stylet is advanced into the lesion, either by the force of a 
compression spring (automated biopsy gun) or manually (semi-automated biopsy 
gun). The arcuate course of the inner stylet depends on its bevel, and the degree of 
deviation increases with the hardness of the target (9). In step IV, the outer cutting 
cannula is advanced over the stylet by the force of a compression spring, thus captur-
ing the sampled tissue in the side notch. In step V, the needle is retracted, and the 
tissue specimen is subsequently harvested (not depicted) 

Side-notch automated biopsy gun 
The SN-ABG, introduced by PG Lindgren in the early 1980s, was originally 
marketed under the name Biopty (Radiplast AB, Uppsala, Sweden) (10-12). 
It later became the gold standard and initiates a two-stage spring-loaded firing 
mechanism when triggered. In the initial stage, the inner stylet is propelled 
forward by a first spring (step III in Figure 1). Automatically initiated when 
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the inner stylet reaches its end position, the second stage involves the cutting 
outer cannula being propelled by another spring (step IV in Figure 1). This 
mechanism allows for sampling with a one-handed grip. Additionally, better 
tissue specimens are obtained compared with manual Tru-Cut biopsy (10). 
Examples of SN-ABGs are shown in Figure 2. 

 
Figure 2. Examples of reusable side-notch automatic biopsy guns with disposable bi-
opsy needles. Top, the original Biopty (Radiplast AB, Uppsala, Sweden), featuring an 
inner stylet and outer cannula that are relatively easy to detach from each other. Bot-
tom, a modern Pro-Mag Ultra Automatic Biopsy Gun (Argon Medical Devices, Inc., 
Plano, TX, USA) with an inner stylet and outer cannula that are not easily detachable 
from each other 

The course of the inner stylet and outer cannula is curved to varying degrees, 
related to the bevel and the interaction of opposing forces between the stylet 
and the target lesion (9). Increased curvature is correlated with greater yield, 
and the curvature increases with the stiffness of the targeted lesion. However, 
in very hard target lesions, there may be a lack of tissue exchange due to in-
sufficient inner stylet penetration, thereby preventing secondary triggering of 
the outer cannula firing. Optimal yield is thus obtained with moderately stiff 
target lesions. A disadvantage with the varying needle curvature described 
above is the lack of predictability of the exact sampling location (“fire and 
forget”), which reduces the usability in the nearness of critical structures (11). 

Side-notch semi-automated biopsy gun 
SN-SBGs, unlike SN-ABGs, only have a single compression spring, thus the 
inner stylet is advanced manually (step III in Figure 1) before the spring-
loaded outer cannula is fired (step IV in Figure 1) (12). Examples of commer-
cially available SN-SBGs are shown in Figure 3. This design allows for im-
aging and confirmation of the inner stylet position before firing the outer can-
nula, offering greater targeting precision that is particularly beneficial when 
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sampling near critical structures (11). Although the results are not entirely 
consistent, several studies have reported reduced tissue yield and a lower rate 
of definitive diagnosis for SN-SBGs compared to SN-ABGs (8, 11, 13, 14).  

 
Figure 3. A photomontage of two variants of single-use side-notch semiautomatic bi-
opsy guns: Top: AprioCore Plus 18G (AprioMed AB, Uppsala, Sweden, with their 
permission); Bottom: Adjustable Temno A.C.T. Biopsy Device (Merit Medical Sys-
tems, Inc., South Jordan, UT, USA). The scale of the images of the two devices differs 

Full core biopsy guns 
Unlike the previously described side-notch variant, full core biopsy guns, to 
the best of my knowledge, are only available in automated versions, i.e., full 
core automated biopsy guns (FC-ABGs). These devices operate by collecting 
tissue in a cutting outer cannula and were introduced in the 1990s, initially in 
the form of various vacuum-assisted devices (15). Those were, however, as-
sociated with a high frequency of so-called zero biopsies, that is, no yield was 
obtained. To overcome the problem of zero biopsies, the FC-ABG Full-Core 
(Amedic, Sollentuna, Sweden) was further developed by introducing a pincer 
to retain the specimen and subsequently marketed under the brand BioPince 
(Argon Medical Devices, Inc., Plano, TX, USA). The principle of the Bio-
Pince is explained in Figure 4. More FC-ABGs have been introduced to the 
market in recent years, including lighter versions such as the CorVocet (Merit 
Medical Systems, Inc., South Jordan, UT, USA). To the best of my 
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knowledge, this is connected to the patent that formed the basis for the Bio-
Pince expiring in the latter half of the 2010s (16). The two versions of the 
FC-ABG described above are shown in Figure 5. 

 
Figure 4. Schematic illustration of the function of the full core automated biopsy gun, 
BioPince (Argon Medical Devices, Inc., Plano, TX, USA). The biopsy needle features 
a triaxial design, including an inner stylet, an outer cannula, and a pincer. The inner 
stylet is pointed, featuring a tri-facet tip, while the outer cannula is specially sharpened 
with a crown-shaped tip, commonly referred to as a Franseen tip. In steps I–II, the 
needle tip is positioned at the border of the lesion to be sampled. In step III, the biopsy 
gun is fired off, resulting in the outer cutting cannula being carried forward and filled 
with the tissue but with the orifice open. To prevent the tissue from getting lost while 
retracting the needle, a pincer is used (step IV). The pincer needle is ejected automat-
ically after the outer cannula is fired, thereby cutting the tissue, and sealing the tip of 
the outer cannula. In step V, the needle is retracted, and the tissue specimen is subse-
quently harvested (not included in the illustration) 
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Figure 5. Photograph of two variants of full core automated biopsy guns: Top: Bio-
Pince Ultra (Argon Medical Devices, Inc., Plano, TX, USA); Bottom: CorVocet 
(Merit Medical Systems, Inc., South Jordan, UT, USA) 

Single use versus reusable biopsy guns 
There are both single-use and reusable biopsy guns (the needle component is 
though always disposable). The two types are compared in Table 1. 

Table 1. Comparison of single-use and reusable biopsy guns 

Property Single-use Reusable 
Material of the handle Plastic Metal 
Impact force ¯ ­ 
Weight ¯ ­ 
Sterility Sterile throughout Needle sterile, handle 

highly clean 
Cleaning and maintenance Not required Required 
Start-up costs ¯ ­ 
Running costs ­ ¯ 
 
The higher impact force of reusable biopsy guns is due to more powerful 
springs, enabled by their solid metal construction, which should reduce the 
risk of incomplete forward strikes observed with single-use when targeting 
very hard tumors (11). To the best of my knowledge, only disposable variants 
of SN-SBGs and FC-ABGs are available on the market. 

Coaxial introducer needle 
A CNB can be performed using either a non-coaxial or coaxial approach (17, 
18). The non-coaxial approach refers to the technique where the biopsy needle 
is directly inserted ("bareback") into the target. Conversely, the coaxial ap-
proach involves placing a coaxial introducer needle (CIN). A CIN consists of 
an outer cannula (usually non-cutting) in which a detachable pointed inner 
stylet is fixed. The CIN is slightly larger in diameter (by 1-2G) to accommo-
date the CBN (for example, a 17G CIN is used for an 18G CBN). The CIN is 
first positioned with its tip in or near the target area, after which the inner stylet 
is removed and replaced with the CBN. This allows for the CBN to make 
multiple passes to collect the necessary samples without shifting from its 
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precise position. Using a coaxial approach can shorten the duration of the pro-
cedure and decrease the number of passes to the target, thereby reducing the 
risk of complications (17, 19, 20). This approach is commonly employed in 
CT-guided and occasionally in US-guided biopsies. Additionally, using a CIN 
may also be useful in other percutaneous procedures than CNBs, such as po-
sitioning microwave antennas for thermal ablation (21). An example of a CIN 
with an accompanying FC-ABG, designed to match in both caliber and length 
(supplied together), is shown in Figure 6. 

 
Figure 6. Photograph of a 17G coaxial introducer needle designed for use with an 18G 
BioPince full core automated biopsy gun (Argon Medical Devices, Inc., Plano, TX, 
USA) and its intended use in four steps: a) coaxial introducer needle with stylet in 
place; b) stylet removed; c) biopsy gun inserted before firing; and d) after the biopsy 
gun has been fired 

Relevant aspects of the construction of core biopsy needles and 
coaxial introducer needles 
CBNs and CINs are typically made of stainless steel (AISI 304/EN 1.4301) 
and must comply with the established ISO 9626:2016 standard (22, 23). The 
main exception is the use of costly titanium alloys for MR-guided procedures. 
For different needle components in a CBN to move freely without friction, 
specific clearance is necessary; this means the outer diameter of the stylet must 
be slightly smaller than the inner diameter of the cannula. Similarly, in a CIN, 
the inner diameter of the CIN cannula needs to be larger than the outer diam-
eter of its inner stylet and any biopsy needle inserted into it. The difference 
between the outer and inner diameters is typically in the range of 0.05–0.1 mm 
(though significantly larger in the notch part of the inner stylet of side-notch 
CBNs), resulting in a radial difference of approximately 0.025–0.05 mm (22, 
24). This difference results in a minimal space, which is central to the needle 
priming methods developed within the scope of this doctoral project. 
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Ultrasound 
Diagnostic US, also known as sonography, is a medical imaging technique 
that utilizes high-frequency sound waves to create images (25). It is a non-
invasive, safe, and versatile method frequently used to examine various parts 
of the body including the abdomen, heart, blood vessels, kidneys, liver, and 
other organs. US is essentially mechanical energy transmitted as pressure 
waves, generated by a transducer that employs piezoelectric ceramic to con-
vert an electric voltage into ultrasonic waves (25, 26). These waves penetrate 
the tissue, where inherent impedance mismatches cause different levels of ul-
trasonic energy to be reflected as echoes. The transducer then converts these 
echoes into voltage, which is subsequently processed into an image displayed 
on a screen. The beam pattern of the ultrasonic energy emitted from the trans-
ducer is shaped by the transducer's dimensions, its construction, how it is pow-
ered, and its operational frequency.  

US excels at evaluating soft tissues cost-effectively and without the need 
for ionizing radiation (27). However, its capacity to image air-filled structures 
(like the lungs) and bony structures is limited, primarily because of significant 
differences in acoustic impedances among various media, a situation known 
as impedance mismatch (25). Gray scale imaging, also referred to as bright-
ness mode (B-mode), is the cornerstone of diagnostic US. Additional tech-
niques like color Doppler, elastography, and CEUS offer valuable capabilities, 
with CEUS receiving more detailed focus in this thesis. 

Contrast-enhanced ultrasound 
CEUS uses ultrasound contrast agents (USCAs) to enhance diagnostic US, 
typically complementing standard B-mode imaging (28). 

The development and characteristics of ultrasound contrast agents 
The use of CEUS began in the late 1960s following the discovery that intra-
cardiac saline injection produced “clouds of echoes” (29). Agitated saline, a 
basic type of USCA consisting of free bubbles, is produced by vigorously 
mixing saline with a small amount of air to create fine microbubbles. This is 
typically done using two syringes and a three-way stopcock (30). Although 
agitated saline is sometimes still used in cardiac studies today for assessing a 
patent foramen ovale, its short half-life, measured in seconds, represents a sig-
nificant limitation (31, 32). Additionally, the ability for the microbubbles to 
pass through the lungs when administered via a peripheral intravenous injec-
tion is limited, due to the large size (31, 33). 

Since commercial development began in the 1980s, two key enhancements 
have been made: (i) the microbubbles are encapsulated to prevent the gas from 
dissolving into the blood, and (ii) gases other than air are used, which take 
longer to escape from the encapsulation (33). Subsequent development has 
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focused on further increasing the stability of microbubbles and enhancing their 
resonance response by refining their size and structural properties (31, 33). 
The USCAs currently available in Sweden are of the second generation and 
include BR1 (SonoVue, Bracco, Milan, Italy), which contains sulfur hexaflu-
oride (SF6) gas encapsulated by lipids for various applications and is by far 
the most frequently used USCA for liver imaging (32, 34). Another is FS069 
(Optison, GE Healthcare, Princeton, NJ, USA), consisting of octafluoropro-
pane gas encapsulated by albumin, used for cardiac applications. 

The microbubbles of clinically used USCAs are in the size of a few mi-
crometers, meaning they are in the order of or slightly smaller than erythro-
cytes (32). This allows them to pass through capillary beds while remaining 
within the circulatory system, thereby acting as "blood-pool agents". This con-
trasts with the contrast agents used in CT and MRI, which diffuse into the 
extravascular space (35-37).  

Microbubbles are sensitive to pressure not only during US examinations, 
as further described below, but also to mechanical stress, as shown in Figure 
7 (36, 38, 39). This characteristic has practical implications, especially during 
injections through venous catheters, where three-way taps are often used to 
facilitate immediate saline flushing post-injection. To minimize pressure ex-
posure that can disrupt the microbubbles, it is advisable to use at least 20G 
cannulas, avoid using valves, and inject the USCA directly through the tap’s 
straight pathway to prevent the pressure increase caused by a 90-degree turn 
(38). The sensitivity to pressure and mechanical stress also has implications 
for the needle priming methods developed and evaluated in this thesis. 
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Figure 7. When subjected to high pressure, the microbubbles in the ultrasound contrast 
agent burst. This can be observed with the naked eye as the milky suspension of sulfur 
hexafluoride (SonoVue, Bracco, Milan, Italy) (a) turns clear (b) 

Relevant aspects of technique and physics in contrast-enhanced 
ultrasound 
The contrast mechanism in CEUS fundamentally relies on distinguishing mi-
crobubble signals from those produced by surrounding tissue (32, 40). Early 
clinical imaging of the first commercial USCAs was performed using funda-
mental imaging mode, which relied on reflected echoes from the same spectral 
band as the emitted pulse. This approach has been completely replaced by 
contrast-specific imaging techniques, where the concept of the mechanical in-
dex (MI) is crucial. 
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Mechanical index and its relevance for contrast-enhanced ultrasound 
US can impact living tissues, causing bioeffects that are categorized as either 
thermal (heating) or mechanical (non-thermal, with cavitation as the most im-
portant) (26). Modern US machines utilize two indices derived from these bi-
oeffects: the thermal index (TI) and the MI. In addition to being a measure of 
bioeffects, the concept of MI is also important when performing CEUS due to 
its impact on the microbubbles. The MI is a measure of the acoustic power or 
energy per time unit of an US beam defined as: 
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where P- is the peak negative pressure (MPa) and f is the frequency (MHz). 
Conventional B-mode US typically operates with an MI of over 1.0, while the 
FDA-approved MI value of 1.9 represents the maximum limit allowed for di-
agnostic imaging (26, 39, 41). Manufacturers use different methods to calcu-
late this number; for instance, an MI of 0.05 on one machine may equate to an 
MI of 0.2 on another, rendering the MI non-transferable between machines in 
contrast imaging (42). 

The behavior of ultrasound contrast agents at various levels of transmit 
power 
The behavior of microbubbles varies across three broad ranges, depending on 
the insonation power, i.e., the amplitude of the acoustic pressure wave used 
during imaging, which is approximately represented by the MI (36, 43):  
 

1. At very low transmit power, USCAs exhibit linear backscatter en-
hancement, resulting in increased US reflections and stronger echo sig-
nals. This approach is seldom used in current practice. 
 

2. As power increases while maintaining a low MI, typically around 0.1-
0.3, the microbubbles begin to resonate (35, 38, 40, 43, 44). This occurs 
because the gas inside the microbubbles limits their ability to contract, 
resulting in asymmetric motion with minimal microbubble destruction. 
Consequently, the scattered wave becomes distorted, containing har-
monics that are multiples of the original (fundamental) frequency (32). 
 

3. When the peak pressure increases and reaches the typical output range 
of a standard non-contrast US system in B-mode most USCAs are dis-
rupted, producing strong but short-lived nonlinear harmonic burst sig-
nals (32, 40). In some situations, those high MI techniques are utilized 
clinically to maximize microbubble destruction. 
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Low MI contrast-specific imaging techniques 
Contrast-specific imaging techniques focus on extracting the non-linear and 
harmonic frequency components from the signals produced by sound waves 
generated by the oscillation of microbubbles (38, 45). Imaging techniques 
within the low MI range (the second of the three power ranges listed above) 
are the most commonly used in clinical practice and most relevant to this the-
sis, which is why the focus is on them. 

At low MI, the second harmonic signal from microbubbles is significantly 
stronger than that from tissue (40). This principle was leveraged in the first 
contrast-specific imaging technique, which operates by filtering out the fun-
damental frequencies and retaining only the harmonic signals (32). Additional 
low MI imaging techniques have subsequently been developed which pulses 
with an inverted phase (phase inversion, phase modulation) and modified am-
plitudes (amplitude modulation, power modulation) (32, 45). Each technique 
can be employed individually or in combination (38, 45). In this thesis, the 
combination technique Cadence Contrast Pulse Sequencing (CPS; Siemens 
Medical Solutions Inc., Mountain View, CA, USA) has been utilized. The 
specific algorithms and bandwidth filters used in commercially available scan-
ners are not publicly disclosed (32). 

Dual-image function 
In contrast-specific imaging-mode (CEUS-mode), the image is typically al-
most completely black before USCA administration, which makes it difficult 
to maintain visibility of a lesion (32, 39). Displaying the B-mode image sim-
ultaneously helps the operator maintain the desired imaging plane. In clinical 
practice, a dual-image function, also known as a split-screen function, is often 
used to pair the CEUS-mode image with a B-mode image. A low MI is applied 
to the B-mode image to avoid rupturing the microbubbles, just as with the 
contrast-specific image. The quality of the low MI B-mode image is generally 
lower than that in “normal” non-contrast B-mode. 

Clinical applications of contrast-enhanced ultrasound 
CEUS has various clinical applications in diagnostic radiology, primarily fol-
lowing the intravenous administration of USCAs (46, 47). Its most notable 
application is in hepatic imaging, particularly for characterizing focal liver le-
sions. CEUS is recommended when CT or MR imaging results are inconclu-
sive (35, 47). Additionally, CEUS enhances the detection sensitivity for liver 
lesions beyond what B-mode US offers, particularly for small (≤10 mm) me-
tastases, achieving sensitivity levels comparable to those of contrast-enhanced 
CT and contrast-enhanced MRI. The characterization of renal masses is an-
other significant area of use (46). There are also extravascular applications of 
USCA, where SF6 is registered for contrast-enhanced voiding urosonography 
to evaluate suspected vesicoureteral reflux in the pediatric population (48). 
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The extravascular applications of USCAs extend into interventional areas, al-
lowing for administration into various regions such as the biliary system, renal 
collecting system, gastrointestinal tract, peritoneum, and abscesses, and theo-
retically, into any cavity (49). Additionally, it enables the identification of 
catheter positions (tubograms) (46, 50). 

Dosage, kinetics and safety considerations for contrast-enhanced 
ultrasound 
The intravenous dosage of USCA depends on various factors, including the 
specific USCA being used, the organ being assessed, and the US machine in 
use (36). Typical doses range from 1 to 2.4 mL for liver applications, admin-
istered as a bolus. CEUS facilitates the real-time monitoring and assessment 
of USCA's wash-in and wash-out phases over several minutes (39). Subse-
quently, the gas is exhaled through the lungs, while the stabilizing components 
are metabolized by the liver and kidneys (37, 51, 52). 

For intracavitary and other extravascular administrations of USCAs, man-
aging artifacts caused by high contrast material concentrations is crucial to 
avoid posterior acoustic shadowing (37). To prevent this, dilution is typically 
employed, with recommended amounts ranging from a few drops to 0.1 mL 
to 1 mL of SF6 in at least 10 mL of 0.9% normal saline (46). However, there 
are no established guidelines for the ideal dosage. 

USCAs have an excellent safety profile, with a low incidence of side effects 
(39). The risk of severe hypersensitivity reactions is minimal, lower than with 
iodinated contrast agents, and comparable to that of gadolinium-based con-
trast agents (53). Additionally, CEUS avoids ionizing radiation and does not 
require assessment of kidney function, offering significant advantages over 
contrast-enhanced CT and MRI examinations. 

Tissue sampling and other invasive procedures performed under 
ultrasound guidance 
US is frequently utilized for image guidance in tissue sampling procedures 
such as CNB or FNAC, and in various other invasive interventions. These 
include drainage of fluid collections, musculoskeletal procedures like arthro-
centesis, and oncological therapies such as thermal ablation of tumors (17). 
US is distinguished as the sole real-time imaging technique and often remains 
the primary choice as a guidance tool, offering several benefits over CT and 
MRI, notably its widespread availability (54). Procedures are typically per-
formed in B-mode and can be conducted freehand or with the help of a needle 
guide that displays guidelines on the US machine (55). 
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The role of contrast-enhanced ultrasound in image-guided interventions 
A key advantage of CEUS is its ability to provide a definitive diagnosis, po-
tentially eliminating the need for patients to undergo interventional procedures 
like liver biopsies and thereby avoiding associated morbidity (56). Addition-
ally, beyond the interventional extravascular applications mentioned earlier, 
the use of CEUS following intravenous administration of USCA significantly 
enhances regular B-mode imaging in selected cases of tissue sampling and 
percutaneous ablation (56, 57). Firstly, this involves facilitating the biopsy of 
focal lesions that are detectable in CEUS-mode but poorly or not at all in 
B-mode, and secondly, avoiding the targeting of necrotic, non-diagnostic ar-
eas of tumors (47, 57-62). Finally, it improves guidance, monitoring, and fol-
low-up in percutaneous thermal ablation of abdominal tumors (56). In these 
cases, an initial dose of USCA is given for a preprocedural planning series in 
CEUS-mode. The actual puncture is then often performed in CEUS-mode af-
ter an additional contrast agent bolus is administered (49, 56, 58). 

Needle visibility 
To enhance the success rate and minimize the risk of complications during 
CNBs or other US-guided interventions, visualizing the needle is crucial (18, 
63). Needle visibility is influenced by several factors, with the operator’s abil-
ity to align the US probe and needle being the most crucial (64). Additionally, 
needles with a larger caliber are more visible than those with a smaller one, 
and those oriented perpendicular to the US beam are clearer than those aligned 
parallel (63). Often, the needle tip is visible even when the shaft is not, due to 
its machined cutting bevel which creates an irregular surface that scatters the 
beam. Needle visibility also depends on the technology of the US transducer 
and machine (65). 

Various techniques can be employed to maximize the likelihood of real-
time localization of the needle's precise position. These include using mechan-
ical needle guides that align with US machine guidelines, as well as utilizing 
echogenic needles with textured surfaces designed to enhance US wave re-
flection, thereby improving the needle's visibility in US images and ensuring 
more accurate placements (63, 65). Additionally, for needles with a stylet, vis-
ibility can be enhanced by briefly moving the stylet up and down several 
times, while hollow needles may benefit from the insertion of a guidewire (64, 
66). Moreover, surrogate markers of needle tip location can be employed, such 
as jiggling the needle in small, controlled in-out movements to create corre-
sponding visible tissue movement, and injecting microbubbles in the form of 
agitated saline or USCA (63, 65). 
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Needle visibility in contrast-specific imaging-mode 
In CEUS-mode, visualizing the needle can be challenging where Kessner et 
al. described poor needle visualization as one of the main limitations when 
performing CEUS-guided interventions (49). The vivid enhancement of 
parenchymal organs, low acoustic output, and other technical factors related 
to harmonic imaging techniques have been described as potential explanations 
for the reduced needle visibility (61, 67, 68). A common strategy to address 
this issue is to use the dual-image function with the CEUS-image paired with 
a low MI B-mode image with inferior image quality, as described above (47, 
61, 67, 69). While dual-image mode often provides sufficient needle visibility, 
certain clinical situations may still require enhanced needle visualization (49, 
70). Thereto, it can be challenging to monitor both CEUS-mode and B-mode 
images simultaneously during an interventional procedure. 

Different techniques for priming needles have been introduced to enhance 
needle visibility during procedures performed in CEUS-mode. First, puncture 
needles can be flushed with USCA to enhance visibility, which has been re-
ported to be helpful during percutaneous nephrostomy placements (46, 50). 
Additionally, Kessner et al. have described another technique: removing the 
stylet, injecting 1 mL of room air into the needle, and then reinserting the stylet 
before using the needle in the patient (49). 

Methods for assessing needle visibility 
Various methods are available for assessing sonographic visibility of items 
like needles, incorporating both subjective observer grading and quantitative 
approaches, although no definitive standard or gold standard currently exists 
(71). Subjective evaluations often employ different types of scales, such as a 
Likert-type scale (67, 72). An example of a quantitative method previously 
utilized in studies is the contrast-to-noise ratio (CNR) (71). Originally intro-
duced by Patterson et al as the contrast-to-speckle ratio, CNR is typically de-
fined as follows:  

𝐶𝑁𝑅 =
|𝜇% − 𝜇&|

+𝜎%' + 𝜎&'
 

where µi represents the mean signal intensity within the region of interest 
(ROI), µo the mean signal intensity outside the ROI, sI the standard deviation 
of the intensity inside the ROI, and so the standard deviation of the intensity 
outside the ROI (73, 74). 
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Computed tomography 
In a CT scanner, the gantry houses a set of rotating X-ray tubes and detectors 
(two sets in the case of dual-energy CT) that generate detailed cross-sectional 
images of the body (75). The contrast in these images is mainly influenced by 
the atomic numbers of various tissues (76). Tissues with higher atomic num-
bers, like bone, attenuate more X-rays, producing brighter areas in the image. 
Conversely, air-filled structures such as the lungs attenuate less radiation, ap-
pearing darker, while soft tissues such as muscles, fat, and abdominal organs 
demonstrate intermediate levels of attenuation. 

Iodinated contrast media 
For CT and other X-ray-based methods, iodinated contrast media (ICM) are 
the most used. ICMs can be administered in various ways, but they are typi-
cally administered intravenously into the bloodstream using power injectors, 
as they are not pressure sensitive. ICMs are sticky and their viscosity increases 
with higher concentration and lower temperature (77, 78). Their primary func-
tion is to significantly attenuate X-ray radiation, which is related to iodine’s 
high atomic number of 53. When ICM is present in a blood vessel or an ab-
dominal organ, it appears brighter on the CT image, which has several appli-
cations (e.g., detecting embolisms in pulmonary arteries or distinguishing ma-
lignant tumors in parenchymal abdominal organs). 

CT-guided tissue sampling with a focus on transthoracic core 
needle biopsies 
CT is an ideal guiding method for lesions located deep beneath the skin sur-
face that are difficult or impossible to visualize with US (e.g. thoracic, bone, 
deep retroperitoneal and pelvic lesions) (18, 79). This thesis focuses on trans-
thoracic lung biopsies (TTNB), although many of the same principles also ap-
ply to other locations and tissue types. 

Tissue sampling from the lung is often performed to determine whether a 
lesion is benign or malignant, but it is not limited to this indication alone (80). 
Some subpleural pulmonary lesions can be sampled under US guidance, and 
certain parenchymal lesions near the large airways are suitable for less inva-
sive sampling, such as with endobronchial US guidance (81, 82). CT-guided 
TTNB is commonly used, allowing tissue sampling to be performed with ei-
ther FNAC or CNB (83). In lung cancer diagnostics, FNAC and CNB are gen-
erally comparable in performance (84). However, mixed results regarding the 
success rate for molecular testing have been reported, with some studies indi-
cating similar performance, while one favors the use of CNB (85-87). Addi-
tionally, FNAC has shown a lower success rate for small (≤1.5 cm) lesions 
(88). Thereto, the absence of an on-site cytopathologist when performing 



 

 30 

FNAC is associated with a higher false-negative rate for malignancy (89). 
Overall, there is often a preference for CNB over FNAC.  
This thesis is limited to CT-guided TTNB using CNB. The procedure usually 
includes the utilization of a CIN that is inserted close to or into the lesion to 
be sampled, followed by multiple CNB samplings (19, 83). The procedure can 
be performed sequentially, with repeated CT scans covering the area of inter-
est and needle repositioning between scans, or using CT fluoroscopy, which 
offers real-time visualization almost comparable to US (79). Particularly with 
CT fluoroscopy, the issue of radiation exposure to the operator's hand has been 
highlighted, leading to the development of various tools to mitigate it (90). 
One such tool is a specially designed needle holder, intended to keep the op-
erator's hand outside the primary radiation field. This thesis is limited to the 
sequential approach, where the principle of avoiding exposure to the operator's 
hand naturally applies as well. 

The performance of CT-guided TTNB with CNB is generally high, with a 
meta-analysis of 15 studies reporting a sensitivity ranging from 84% to 97% 
and a specificity from 91% to 100% (84). In another meta-analysis that in-
cluded both CNB and FNA, the pooled incidence of non-diagnostic results 
was 6.8% (91). These included samples with blood, necrosis, normal lung tis-
sue, or insufficient material for a conclusive diagnosis. In a relatively large 
retrospective study using CNB, lesion size was found to be a key factor in 
diagnostic accuracy, with accuracy decreasing as lesion diameter diminished 
(92). In another relatively large retrospective study, where CNB was also per-
formed, lesion size (<1.5 cm or >5 cm) and benign lung lesions were identified 
as factors associated with lower diagnostic accuracy (93). The reduced accu-
racy for lesions smaller than 1.5 cm was attributed to technical difficulties, 
while for lesions >5 cm, the increased presence of necrosis was considered a 
contributing factor. 

Although CT-guided TTNB with CNB, as described above, generally per-
forms well, there is still room for improvement, particularly in reducing the 
incidence of non-diagnostic procedures. If the pathological analysis reveals 
insufficient representative tissue, the procedure may need to be repeated. This 
not only increases the risk of complications and patient discomfort but also 
results in greater resource use. 

When this doctoral project began, at the Radiology Department at Uppsala 
University Hospital primarily reusable SN-ABGs were used due to their good 
tissue yield and cost-effectiveness. For biopsies near critical structures, dis-
posable SN-SBGs were used, allowing confirmation of the biopsy site by im-
aging the inner stylet position (step III in Figure 1) before firing the cutting 
cannula (step IV in Figure 1). The main drawback of these guns is the poorer 
tissue yield (as described above), where what has been reported in the litera-
ture aligns with my and my colleagues' clinical experience. They are also more 
expensive than the reusable SN-ABGs. A potential solution to reduce non-
diagnostic biopsies was identified by combining the advantages of both 
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reusable SN-ABGs (good tissue yield and lower cost) and SN-SBGs (biopsy 
site confirmation) through incorporating the biopsy site confirmation feature 
into reusable SN-ABGs. 
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Aim of thesis 

General aim 
The main objectives were to: 
 

1. Improve sonographic CBN visibility (paper I, III and IV) 
2. Verify CT biopsy site after CNB with SN-ABGs (paper II) 

 
To achieve these objectives, we aimed to develop and evaluate techniques for 
priming CBNs with contrast agents. 

Specific aims 
Paper I: To assess whether priming FNs and CBNs (SN-ABGs with needles 
that are relatively easy to disassemble and reassemble) with USCA could im-
prove their visibility in both B-mode and CEUS-mode, ex vivo and in a water 
bath phantom model. 

Paper II: The primary aim was to evaluate the visibility of sampling sites in a 
blood pudding phantom model following CT-guided biopsy, after priming 
CBNs (SN-ABGs with needles that are difficult to disassemble and reassem-
ble) with ICM using a membrane-equipped needle-filling device. A secondary 
aim was to compare visibility levels between two different concentrations of 
ICM. 

Paper III: The primary aim was to evaluate CEUS-mode needle visibility in a 
water bath phantom model after applying needle priming methods using a 
1 mL syringe filled with 0.2-0.6 mL of USCA on two types of CBNs 
(SN-ABGs with needles that are difficult to disassemble and reassemble, and 
FC-ABGs with needles that are impossible to disassemble), as well as CINs. 
A secondary aim was to investigate whether priming affected needle visibility 
for the two types of CBNs, regardless of whether the needles were primed 
once, twice, or three times. 

Paper IV: The primary aim was to evaluate the effect of USCA needle priming 
on the in vivo visibility of CBNs (FC-ABGs with needles that are impossible 
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to disassemble) in a porcine model. A secondary aim was to determine 
whether priming affected needle visibility, regardless of the number of times 
the needles were primed. 
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Ethical considerations 

The experiments in Papers I, II, and III did not require ethical approval, as 
they were conducted using butchered bovine livers, blood puddings, and water 
baths. The in vivo experiment in Paper IV was preceded by ethical approval 
from the Uppsala ethics committee on animal experiments (registration num-
ber 5.8.18-16688/2023). 
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Materials and methods 

Priming methods for various needles and the models used to evaluate them 
were developed throughout the project. The overall assessment of how prim-
ing affected needle visibility and the extent to which traces could be formed 
was conducted in two main stages: 

 
1. Imaging (US/CT) in different models (ex vivo/phantoms/in vivo) 
2. Evaluation of the video and image material generated, both quali-

tatively (all 4 papers) and quantitatively (Papers I, III, and IV) 
 
Table 2 provides an overview of the needle types used for USCA needle prim-
ing, the imaging modes in which they were evaluated, and the papers in which 
they were studied. 

Table 2. An overview of the needle types primed with the ultrasound contrast agent, 
the imaging modes in which they were evaluated, and the corresponding papers 

Needle (biopsy gun) Contrast-specific 
imaging-mode 

B-mode 

Fine needle Paper I Paper I (normal MI) 
Side-notch CBN (SN-ABG) Paper I, III Paper I (normal MI) 
Full core CBN (FC-ABG) Paper III, IV Paper IV (low MI) 
Coaxial introducer needle Paper III - 

MI = Mechanical index, CBN = Core biopsy needle, SN-ABG = Side-notch auto-
matic biopsy gun, FC-ABG = Full core automated biopsy gun 

Needles and techniques for priming them with contrast 
agents 
The priming methods were progressively developed across Papers I-III, all 
conducted as ex vivo/phantom studies, to simplify practical application and 
accommodate a broader range of needle types. The concept's sonographic ap-
plication in vivo was finally investigated in Paper IV. 

In Papers I, III, and IV, the USCA SF6, prepared according to the manufac-
turer's instructions, was used for priming. Contrary to recommendations for 
procedures like tubograms, the USCA was used undiluted to achieve maximal 
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contrast against the background, for which in several cases real or simulated 
contrast enhancement was applied. Furthermore, the narrow space between 
the inner needle and outer sheath was believed to minimize the risk of poste-
rior acoustic shadowing, unlike its application in broader spaces such as ab-
scess cavities and larger-caliber drainage catheters. 

In Paper II, two types of ICM were used: iohexol (Omnipaque, GE 
Healthcare, Princeton, NJ, USA) with a low iodine concentration of 140 mg 
I/mL, and iomeprol (Iomeron, Bracco, Milano, Italy) with a high concentra-
tion of 400 mg I/mL. These concentrations represented the lowest and highest 
commercially available options at the time of the study's execution. 

Paper I 
Before setting up the study presented in Paper I, various methods of introduc-
ing the USCA SF6 into different types of needles were explored. Ultimately, 
it was decided to systematically evaluate the effects on needle visibility when 
priming one type of fine needle (FN) and one type of CBN. FNs were included 
in the evaluation to assess whether a method like the one presented for 
CEUS-guided percutaneous nephrostomy in an educational exhibit, and also 
described in the EFSUMB guidelines, could be replicated (46, 50). 

Fine needle priming 
The FNs used (Special Canula 20G x 150 mm, 1, AB, Malmö, Sweden) were 
primed by simply flushing with USCA, using an extension line and a 3-way 
stopcock to prevent the USCA from draining after the syringe was removed 
(see Figure 8). 

 
Figure 8. A photograph of a fine needle connected to an extension line with a 3-way 
stopcock, as used for priming in Paper I by flushing both components with ultrasound 
contrast agent sulfur hexafluoride (SonoVue, Bracco, Milan, Italy) 

Side-notch biopsy needle priming 
Side-notch CBNs (ACN Biopsy Needle 18G x 160 mm, Argon Medical De-
vices, Inc., Plano, TX, USA), with a non-disposable SN-ABG (Biopty, Radi-
plast AB, Uppsala, Sweden), were primed with USCA as detailed and depicted 
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in Figure 9. The priming method required a CBN of detachable type in which 
easy separation of the inner stylet from the outer cutting cannula is possible 
and the use of a commercially available temporary sharps holder (Argon Med-
ical Devices, Inc., Plano, TX, USA). The outer cannula held 0.2 mL of USCA, 
and slightly more than this amount was used to flush the cannula during each 
priming session. 
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Figure 9. The procedure for priming core biopsy needles of detachable type in Paper 
I involves several steps. A: The inner needle is separated from the outer cannula. B: 
The ultrasound contrast agent (USCA) sulfur hexafluoride (SonoVue, Bracco, Milan, 
Italy) is drawn into a 2 mL syringe. C: The USCA is then introduced into the outer 
cannula from its non-sharp end. D: The tip of the outer cannula is inserted into a tem-
porary sharps holder before the syringe is removed. E: The inner needle is reinserted 
into the outer cannula. F: If the connection remains secure between the sharp end of 
the outer cannula and the temporary sharps holder, the USCA level will rise in the 
non-sharp end of the outer cannula. G: The biopsy needle is then mounted in the bi-
opsy gun. H: Finally, the biopsy needle is removed, and the biopsy gun is loaded 

Paper II 
Before initiating the study described in Paper II, priming methods for CBNs 
that cannot be easily disassembled, unlike those used in Paper I, were exam-
ined. The selected method exploits the fact that ICM is not pressure-sensitive, 
in contrast to the microbubbles in USCAs. 

Side-notch CBNs (18G x 20 cm, Pro-Mag Biopsy Needle, Argon Medical 
Devices, Inc., Plano, TX, USA), used with a non-disposable SN-ABG (Pro-
Mag Ultra, Automatic Biopsy Instrument, Argon Medical Devices, Inc., 
Plano, TX, USA), were primed with ICM as detailed and depicted in Figure 
10. The priming procedure was performed using a small Luer slip syringe 
(1 mL 0.01 LUER TUBERCULIN, CODAN Medical Aps, Rødby, Denmark) 
in combination with a needle filling contraption (Check-Flo Haemostasis As-
sembly device, Cook Medical, Bloomington, IN, USA). The latter includes a 
three-way tap connected to a membrane via a plastic tube and is typically used 
in peripheral interventions. It was determined that a minimum volume of 0.08 
mL was necessary to prime the space between the inner stylet and the outer 
cannula of the CBN. 
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Figure 10. The procedure in Paper II for priming the space between the inner stylet 
and the outer cannula of a side-notch core biopsy needle that cannot be easily disas-
sembled involves the following steps: 1. The needle filling contraption is displayed 
before assembly. 2. A 1 mL syringe is connected to the device. 3. The contraption is 
then filled with iodinated contrast media. 4. The membrane part of the contraption is 
attached to the three-way tap. 5. The tip of the biopsy needle is inserted through the 
membrane. 6. By applying pressure with the syringe, iodinated contrast media is 
forced into the space between the inner stylet and the outer cannula. 7. The complete 
priming of the space is confirmed by the outflow of contrast media from the upper 
orifice, indicated by an arrow 

Paper III 
In preparation for Paper III, further experimentation focused on priming CBNs 
with UCSA without disassembly (unlike in Paper I) or applying pressure (as 
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in Paper II). Additionally, CINs were included in these trials. The priming was 
conducted using only a small Luer slip syringe (1 mL 0.01 LUER TUBER-
CULIN, CODAN Medical Aps, Rødby, Denmark) loaded with 0.2-0.6 mL of 
USCA depending on needle type. All the needles evaluated were from the 
same manufacturer (Argon Medical Devices, Inc., TX, USA). In addition to 
the illustrations presented below, demonstration videos for each priming 
method are available online as supplementary material to the published article. 
In this context, it should be noted that preliminary trials of priming needles 
with agitated saline yielded disappointing results, which led to the decision to 
forego priming with this medium in the systematically conducted experi-
ments. 

Side-notch biopsy needle priming 
Side-notch CBNs (18G x 20 cm, Pro-Mag™ Biopsy Needle) that cannot be 
easily disassembled, used with a non-disposable SN-ABG (Pro-Mag Ultra, 
Automatic Biopsy Instrument), were primed with USCA by loading the gun 
while the needle tip was in the syringe, as presented in Figure 11. 

 
Figure 11. Schematic illustration of the priming procedure in Paper III for side-notch 
core biopsy needles that cannot be easily disassembled, using a 1 mL syringe filled 
with 0.4 mL of ultrasound contrast agent sulfur hexafluoride (SonoVue, Bracco, Mi-
lan, Italy) and starting with an unloaded instrument. In steps I–II, the first charging 
step was performed, exposing the distal part of the inner stylet, including the side-
notch. In step III, the exposed distal part of the inner needle was inserted into the 
syringe. In step IV, the second charging step was completed with the tip and syringe 
pointing upwards. In the final step, the syringe was placed back on the table, and the 
biopsy gun, including the needle, was withdrawn from the syringe and prepared for 
use. The spaces between the inner stylets and the outer cannulas are intentionally mag-
nified to more clearly illustrate the priming principle 
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Full core biopsy needle priming 
Full core CBNs integrated into disposable FC-ABGs (BioPince Ultra Full 
Core Biopsy Instrument, 18G x 20 cm), were primed by firing the gun into the 
syringe, as presented in Figure 12. 

 
Figure 12. Schematic illustration of the priming procedure in Paper III of core biopsy 
needles of non-disassemblable full core automated biopsy guns using a 1 mL syringe 
filled with 0.6 mL of ultrasound contrast agent sulfur hexafluoride (SonoVue, Bracco, 
Milan, Italy), beginning with a loaded instrument with the stroke length set to 33 mm 
(not depicted). In steps I–II, the needle was inserted with the tip right inside the orifice 
of the syringe. In step III, the gun was fired off into the syringe (separate automatic 
pincer step not depicted). In steps IV–V, the gun was again loaded with the tip and 
the syringe pointing upwards. In the final step, VI, the syringe was put back onto the 
table; moreover, the instrument, including the needle, was withdrawn from the syringe 
and ready to fire off. The spaces between the inner stylets and the outer cannulas are 
intentionally magnified to more clearly illustrate the priming principle 

Coaxial introducer needle priming 
CINs were primed by removing the inner stylet and flushing the outer cannula 
with USCA while horizontal, thereby utilizing surface tension. This is illus-
trated in Figure 13. 
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Figure 13. Schematic illustration of the priming procedure in Paper III for coaxial 
introducer needles using 0.2 mL of ultrasound contrast agent sulfur hexafluoride 
(SonoVue, Bracco, Milan, Italy), with the needle positioned horizontally throughout. 
In steps I–II, the inner stylet was removed from the outer cannula. In steps III–IV, the 
syringe was connected to the outer cannula. In steps V–VI, the outer cannula was 
flushed with the USCA, and the syringe was subsequently removed. In the final steps, 
VII–VIII, the inner stylet was reinserted. The spaces between the inner stylets and the 
outer cannulas are intentionally magnified to more clearly illustrate the priming prin-
ciple 

Paper IV 
In Paper IV, the assessment of the concept's sonographic usability in vivo was 
performed using a porcine liver model. Only one needle type was evaluated, 
based on the assumption that the choice of needle type would not influence 
the visibility of the needle against a contrast-enhanced background. This ap-
proach, in alignment with the ethical principles of reduction and replacement, 
helped minimize the total number of punctures performed and pigs used. Full 
core CBNs integrated into disposable FC-ABGs (BioPince Ultra Full Core 
Biopsy Instrument, 18G x 20 cm) were selected for evaluation. The same 
priming method described in Paper III (Figure 12) was employed. 
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Imaging equipment, models, puncture methods, and 
image collection 
The effect of needle priming on sonographic needle visibility was evaluated 
using various models (bovine liver, water bath, and in vivo) in Papers I, III, 
and IV. In Paper II, the effectiveness of needle priming in confirming CT bi-
opsy sites was evaluated using a blood pudding phantom. 

Two generations of high-end US machines with curved transducers, ideal 
for CEUS, were used for the sonographic assessments. Specifically, Paper I 
employed the ACUSON S3000™ HELX™ Evolution system with a 6C1HD 
transducer, while Papers III and IV used the ACUSON Sequoia™ with a 5C1 
transducer (Siemens Medical Solutions Inc., Mountain View, CA, USA). The 
transducers were encased in non-latex covers, and needle guides with elec-
tronically generated guidance lines were utilized, maintaining a puncture an-
gle of approximately 60°. The maximum depth was set to 11 cm for Paper I 
and 9 cm for Papers III and IV, with the focus positioned in the deeper part of 
the image. Imaging modes and parameters varied across the studies; in Paper 
I, imaging was conducted separately in "normal" B-mode (4.5 MHz; MI 1.2) 
and CEUS-mode using CPS (1.5 MHz; MI 0.05). In Papers III and IV, imag-
ing was conducted in dual-mode, combining CEUS-mode using CPS at a low 
frequency on the left with a low MI B-mode image at mid-frequency (MI 0.13) 
on the right. The frame rate varied across the imaging modes; in the normal 
MI B-mode, which was only used in Paper I, it was 26-27 fps, while in 
CEUS-mode, including dual-mode, it was generally lower, ranging from 9-10 
fps. 

Paper I 
Overall, punctures were conducted using two different models: 1) butchered 
bovine liver for qualitative evaluation, and 2) a water bath for quantitative 
assessment. The second experiment was conducted following valuable feed-
back from a reviewer, as it was not considered feasible to perform quantitative 
analyses on the image material from the first experiment retrospectively. The 
observations were categorized into four groups based on needle type and im-
aging mode: FN B-mode, FN CPS, CBN B-mode, and CBN CPS. 

Experiment 1: Butchered bovine liver 
Butchered bovine livers served as tissue phantoms for this experiment. All 
punctures within each of the four groups were conducted using the same liver 
to ensure consistency. To minimize bias due to liver tissue variability, punc-
ture sites for different needle primings were carefully matched, as depicted in 
Figure 14. 
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Figure 14. One of the butchered bovine livers used in Experiment 1 in Paper I, with 
pins of various colors indicating different puncture sites 

Experiment 2: Water bath phantom 
A 61-liter plastic container nearly full of water served as the phantom, with 
the transducer positioned just below the surface, as depicted in Figure 15. To 
minimize mirroring artifacts, a towel was placed at the container's bottom. A 
segment of silicone hose, typically used for oxygen nasal prongs, was 
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perforated with a fine needle, then secured to the bottom of the container. A 
continuous flow of oxygen at 0.25 liters per minute was introduced, generating 
a stream of small bubbles aimed at the transducer's scanning area. This setup 
aimed to mimic the heterogeneous echogenicity of tissue in B-mode and en-
hance background tissue in CEUS-mode, similar to post-intravenous contrast 
administration effects. 

Puncture procedures and recordings 
Each of the four groups included punctures consisting of ten controls with air, 
ten primed with SF6, and ten controls primed with normal saline solution 
(NSS), totalling 120 punctures in each of experiments 1 and 2. Air was chosen 
to correspond to the baseline condition with unprimed needles, and NSS was 
used to confirm that simply priming the needles with an arbitrary fluid was 
not sufficient to improve needle visibility. The needles were flushed with their 
respective priming solutions between punctures. All punctures were per-
formed by the same individual, who was not blinded to the different needle 
primings. 

Recordings captured the insertion of needles to their maximum possible 
length, with the needle guide reducing both FN and CBN lengths by 3 cm, and 
the automatic biopsy instrument further shortening the CBNs by an additional 
2.4 cm before discharge. All recordings also included the subsequent retrac-
tion of the needles. Still images from the recordings are presented in Figure 
16 (Experiment 1) and in Figure 17 (Experiment 2). 

In Experiment 1, the biopsy gun was fired almost immediately after CBN 
insertion, followed by quick needle retraction. In Experiment 2, a delay of 
approximately three seconds was introduced before FN retraction to allow for 
more detailed image analysis in the final position. Similarly, a three-second 
delay was implemented before firing the biopsy gun, followed by another 
three-second delay before CBN retraction. Each recording captured approxi-
mately three seconds of the FNs and CBNs in their final positions before the 
biopsy gun was fired, with frame rates of 30 fps in B-mode and 10 fps in CPS. 
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Figure 15. Paper I, Experiment 2 setup involved fixing the transducer and submerging 
it in a water bath. Artificial background enhancement, in the form of small bubbles, 
was created by a flow of oxygen through a perforated silicone hose 
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Figure 16. Ultrasound images from Paper I, Experiment 1 (butchered bovine liver) 
includes examples of matched puncture triplets, featuring fine needles (in their end 
positions) and core biopsy needles (just before biopsy gun discharge). The examples 
were selected to be as close as possible to the median for each of the four observers. 
CPS = Contrast pulse sequencing (contrast-specific imaging-mode); SF6 = Sulphur 
hexafluoride (ultrasound contrast agent); NSS = Normal saline 
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Figure 17. Ultrasound images from Paper I, Experiment 1 (water bath) shows exam-
ples of punctures with fine needles in their final positions and core biopsy needles just 
before biopsy gun discharge. The examples were selected to approximate the median 
contrast-to-noise ratio for the needle in its entirety (rounded up). For core biopsy nee-
dles with CPS, the air-filled example represents the observation with the lowest con-
trast-to-noise ratio among the four measurable samples. CPS = Contrast pulse se-
quencing (contrast-specific imaging-mode); SF6 = Sulphur hexafluoride (ultrasound 
contrast agent); NSS = Normal saline 

Paper II 
In addition to a different application and a new method for contrast agent nee-
dle priming compared to those used in Paper I, a new modality and a different 
type of phantom were employed. 

Imaging equipment and settings 
Imaging was conducted with a multi-detector CT scanner (SOMATOM Defi-
nition Edge, Siemens Medical Solutions, Forchheim, Germany) by a radiog-
rapher specialized in computed tomography. The setup included automatic 
tube current modulation (CARE Dose 4D), a quality reference of 100 mAs, 



 

 50 

fixed care kV of 120 kV, slider set to position 7, rotation time of 0.5 seconds, 
collimation of 128x0.6 mm, and a pitch of 0.6 with 50% overlap. The kernel 
used was B31 Abdomen with a gantry tilt angle of 20 degrees to reduce beam 
artifacts in the area of the phantom to be evaluated. 

Model 
Hemicylinder-shaped blood puddings of uniform size, chosen for their con-
sistency and hardness resembling those of tumor lesions, were utilized as tis-
sue phantoms. Each phantom was positioned singly in a plastic basket, 
rounded side up, and secured at the bottom. Predefined insertion points were 
marked uniformly on each phantom. At these points, CBNs were performed 
using a reusable SN-ABG, specifically the Pro-Mag Ultra Automatic Biopsy 
Instrument equipped with an 18G x 20 cm Pro-Mag Biopsy Needle (as de-
scribed above), alongside a 17G x 14.6 cm Co-Axial Introducer Needle (all 
from Argon Medical Devices, Inc., Plano, TX, USA). The biopsy gun was 
mounted on a metal tripod throughout the process. The setup is depicted in 
Figure 18. 
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Figure 18. Photograph of the setup in Paper II included blood pudding secured in a 
plastic basket, with the biopsy gun mounted on a metal tripod 

Biopsy procedure and image processing  
Twenty biopsies were carried out using new needles for each procedure. In 
every second biopsy, the biopsy needle was prepared with the low concentra-
tion and in every other with the high concentration to reduce the risk of bias 
due to any possibly occurring inhomogeneities within and between the tissue 
phantoms. The CIN was inserted vertically to a depth of 1.5 cm. Each biopsy 
encompassed eight stages (labeled A-H), with three (labeled 1-3) being im-
aged in Figure 19. 
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Figure 19. Schematic presentation of the stages (A-H) of the biopsy procedure in Pa-
per II using an automatic biopsy gun and coaxial technique (numbers 1-3 denote 
stages imaged with CT and subsequently evaluated by the three assessors): The coax-
ial introducer needle (CIN) is positioned with the tip just adjacent to, or in the periph-
ery of, the intended target lesion (A-B). The stylet of the CIN is retracted (C). The 
biopsy needle of the loaded biopsy gun is inserted into the CIN (D-E). Both the inner 
stylet and cutting outer cannula are automatically advanced with spring force in a se-
quential manner (F-G) when the biopsy gun is fired. The biopsy instrument and needle 
are finally retracted (H), and the specimen in the notch can be harvested. Semi-auto-
matic biopsy guns differ in stages F-G, where the inner stylet is manually inserted to 
its desired position (F), followed by firing off the biopsy gun, resulting in the advance-
ment of only the outer cannula with spring force (G) 

Images were processed using digital alignment to ensure complete visibility 
of the biopsy channel in a consistent slice. A multiplanar reconstruction slab 
of 3 cm with 3 mm slices for each stage was prepared using Vue picture 
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archiving and communication system version 12.1.6.0071 (Carestream, Roch-
ester, NY, USA). 

Paper III 
For Paper III, a more sophisticated water bath phantom was designed to assess 
the impact of needle priming on the needle visibility. USCA replaced the ox-
ygen bubbles used in Experiment II of Paper I, and a defined anechoic target 
was included. A more modern version of the US machine from the same man-
ufacturer was also used. 

Model 
A water bath phantom was prepared as depicted and described in Figure 20, 
using a plastic container filled with 7 L of water, into which 0.3 mL of SF6 
(the same USCA as used for needle priming) was added to mimic the appear-
ance of a perfused human liver following intravenous USCA administration. 
The volume of the USCA was chosen based on the assumptions of an intrave-
nous dose of 1.5 mL USCA and the liver containing approximately 14% of 
the total blood volume of 5 L in an adult (94, 95). The water mixture was 
circulated using an electric pump with a flow rate of 240 L/h and was replaced 
after every six punctures to maintain consistent background intensity. To min-
imize reflections, 1 cm thick slices of canned ham (SPAM, Danish Crown UK 
Ltd., Manchester, UK) were placed at the bottom of the container. Positioned 
just above the ham, a polyolefin hose (0.3 mm thick and 12.7 mm in diameter), 
filled with water and sealed at both ends, was used to simulate an anechogenic, 
non-perfused tumor. Both the ham and the polyolefin hose were secured in 
place with a custom-made metal stand. 
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Figure 20. Photograph of the phantom used in Paper III, which consisted of a plastic 
container filled with 7 liters of water, with ultrasound contrast agent sulfur hexaflour-
ide (SonoVue®, Bracco, Milan, Italy) added at a concentration resembling that of the 
human liver. 1: One cm thick slices of canned ham (SPAM, Danish Crown UK Ltd., 
Manchester, UK) were placed at the bottom of the container to reduce mirroring arti-
facts. 2: An electric water pump (240 L/h) was connected to plastic tubes in the water, 
creating a circulation system to ensure a uniform contrast agent concentration. 3: A 
metal stand was used to secure the components in place. 4: A water-filled polyolefin 
hose was positioned to mimic a tumor. 5: The transducer was enclosed in a non-latex 
probe cover and mounted on a metal tripod. 6: A needle guide was directed toward 
the polyolefin hose 

Puncture procedure and recording 
For each of the three needle types, 10 distinct sets were observed. Each set 
included 6 punctures, arranged in 3 matched pairs: one USCA-primed needle 
and one unprimed needle as the control. This resulted in 30 pairs per needle 
type, with a total of 180 punctures overall. 

Immediately after priming (within a few seconds), the needles were in-
serted through the needle guide until they just touched the polyolefin hose, 
without deforming or penetrating it. The needle insertion process was 
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recorded as video clips, each lasting approximately six seconds (3 seconds for 
insertion and 3 seconds at maximum depth). The needles were then retracted, 
and the biopsy instruments were fired outside the phantom. The needles were 
re-primed before the next observation. 

For both CBNs evaluated, a new biopsy needle was used for each USCA-
primed set (for the non-disposable SN-ABGs, only the biopsy needles were 
replaced, and for the disposable FC-ABGs, the entire biopsy guns were re-
placed). Each USCA-primed needle was therefore primed three consecutive 
times before being discarded. This approach was intended to simulate clinical 
conditions and assess the potential impact of repeated priming on needle visi-
bility. The concern was that repeated loading and firing of the biopsy guns 
might cause the USCA to migrate toward the non-sharp end of the needle, in 
the space between the inner stylet and the outer cannula, potentially affecting 
needle visibility. 

Paper IV 
Model 
A single male Swedish pig weighing 34 kg was first put under deep anesthesia 
and prepared (and, ultimately, euthanized) according to the protocol in Sup-
plementary material. Thereafter, an incision was made in the skin of the right 
flank, and a thoracic catheter (diameter 10.7 mm / 32Fr; length 40 cm) with 
an included metal trocar (Vygon, Ecouen, France) was inserted intercostally 
into the liver under US guidance to simulate an anechoic target lesion as 
shown in Figure 21. The center point of the catheter had an average depth 
(min-max) of 4.8 cm (4.1–5.6 cm). The catheter was filled with NSS and 
clamped to prevent air artifacts. 
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Figure 21. Photograph of the porcine model in Paper IV, which involved inserting a 
10.7 mm / 32F thoracic catheter into the liver under ultrasound guidance. The catheter, 
visible in the lower part of the image, was then filled with normal saline solution and 
clamped 

Puncture procedure and recording 
After priming and without any delay, each CBN was inserted into the liver, 
targeting the thoracic catheter positioned perpendicularly. The needles were 
considered to have reached their intended final position once the tip hit the 
target and caused a slight movement in the catheter. This was done to ensure 
that the needle tip could be accurately delineated during image processing, 
regardless of its visibility. Each recording included the needle insertion and 
maintained the needle in its final position for about 5 seconds. Following 
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complete needle removal, the biopsy instruments were discharged outside the 
pig and re-primed for the subsequent puncture. 

Under ventilator-induced apnea, a total of 60 punctures were performed in 
10 non-blinded sets by the same operator. Each set comprised three pairs of 
punctures, with each pair including one primed needle and one non-primed 
control. Before each pair of punctures, 1.2 mL of SF6 was administered 
through a peripheral venous catheter in an auricular vein, followed by a 10 mL 
flush of NSS. The USCA dosage was tailored based on the pig’s weight and 
matched the standard pediatric dosage used in our clinic. The first puncture of 
each pair was made as soon as homogeneous contrast uptake was visible in 
the liver, with the second puncture following as quickly as possible. To mini-
mize bias from decreasing background intensity over time, the order of using 
the primed needle or the control was alternated in every other set. A new entry 
point was utilized for each new set of punctures. 

Methodology for evaluating needle visibility and trace 
presence at sampling sites, including outcome measures 
and statistical approaches 
After completing the imaging of the needle procedures described above, the 
resulting recordings and images were subsequently analyzed. Evaluations 
were carried out in both B-mode and CEUS-mode, except for Paper III, which 
did not include a B-mode evaluation. 

Qualitative evaluation 
In all four papers, radiologists conducted a qualitative evaluation individually 
and in a blinded manner, using various grading scales. For Papers I, III, and 
IV, a custom-developed web interface facilitated this process, incorporating 
randomization of the observation order. 

Paper I 
Four senior radiologists, each with at least 15 years of experience in ultraso-
nography conducted the evaluation. They were tasked with assessing the over-
all needle visibility within each of the four groups using an arbitrary Likert-
type scale. This scale ranged from zero to ten, where zero indicated no visi-
bility and ten represented maximum visibility. 

Paper II 
Three senior radiologists evaluated each of the 20 biopsies. For each CNB 
procedure, images of all three stages were presented in both the abdominal 
window (window width 350 HU, window center 50 HU) and the bone window 
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(window width 2000 HU, window center 500 HU), as shown in Figure 22 
(stage 3 of all 20 punctures is thereto presented in Figure 23). Each CNB pro-
cedure was assessed twice by each radiologist, leading to a total of 40 evalu-
ations per radiologist. During each evaluation, radiologists assessed the visi-
bility of any traces and responded to the questions listed in Table 3. If the 
answer to question 1 was "No", then values for variables 2 and 3 were set to 
0, and variable 4 was marked as "No".  

 
Figure 22. Left: Computed tomography reconstructions of all three stages of one core 
needle biopsy procedure in Paper II (denoted H5 in Figure 23) from the high concen-
tration series (400 mg I/mL) as shown to the observers (top row: abdominal window; 
bottom row: bone window). Right: Illustration of stages 1-3 (excerpt from Figure 19) 
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Figure 23. Computed tomography reconstructions of all punctures at stage 3 in Paper 
II (as defined in Figure 22). Top row (L1-L10): low concentration (140 mg I/mL); 
bottom row (H1-H10): high concentration (400 mg I/mL) 

Table 3. Assessment questions answered by the radiologists for each observation 

Variable Question Values 
1. Trace visible Can you distinguish any high attenuat-

ing trace along the biopsy needle 
course? 

Yes/No 

If the answer is “Yes” in question 1: 
 2. Grade of visibility How visible is the high attenuating 

trace? 
VAS: 0 – 100 mm 
(not visible – very 
visible) 

3. Proportion outlined How high proportion of biopsy needle 
course is outlined by the high attenuat-
ing trace? 

VAS: 0 – 100 mm 
(nothing – the en-
tire course) 

4. Quality sufficient Is the quality of the high attenuating 
trace altogether sufficient to decide 
where the biopsy sample was taken? 

Yes/No 

VAS = Visual analog scale 

Paper III 
Analysis of CEUS-mode visibility was conducted, while analysis of B-mode 
visibility was omitted due to inherent limitations associated with using a water 
bath. This decision was based on the observation that good B-mode needle 
visibility is typically achieved in liquids, even at low MI (67). As a result, the 
low B-mode portions of the recordings were excluded, leaving only the 
CEUS-mode portions, which captured both needle insertion and approxi-
mately 3 seconds of the final position, for review. However, the low MI 
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B-mode images were used to add arrows to clarify the needles' end positions 
for the assessors before review. 

Three radiologists, each with at least 20 years of experience in US, con-
ducted the review. The assessors viewed matched pairs of videos showing the 
USCA-primed needle and the control side by side, with the position of each 
video (right or left) randomized. They evaluated the relative visibility of the 
needles by answering the following questions: 
 
The needle in its entirety: 

• In which of the 2 videos is the entire needle most visible? (Video 
1/Video 2) 

• Do you consider the difference in visibility to be clinically relevant? 
(Yes/No) 

The needle tip: 
• In which of the 2 videos is the tip of the needle most visible? (Video 

1/Video 2) 
• Do you consider the difference in visibility to be clinically relevant? 

(Yes/No) 
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Figure 24. Ultrasound images illustrating pairs of punctures from Paper III, featuring 
needles primed with ultrasound contrast agent versus controls, are shown for the three 
needle types studied in contrast-specific imaging-mode. The needles are in their end 
positions with tips adjacent to the polyolefin hose, as presented to the assessors 
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Paper IV 
The recordings, which included both needle insertion and approximately five 
seconds of the final position, were evaluated by three radiologists with 9, 15, 
and 26 years of experience, respectively, all of whom had extensive expertise 
in US-guided punctures. The evaluation followed the same procedure and ad-
dressed the same two questions as in Paper III, with the addition that the low 
MI B-mode portion was retained and analyzed. The recordings were presented 
top versus bottom instead of side by side. Both the CEUS-mode and low MI 
B-mode recordings were presented simultaneously, but the assessors were in-
structed to evaluate them separately. Examples of the punctures shown to the 
assessors are displayed in Figure 25. A grading system using a Likert scale (1: 
poor, 2: fair, 3: good, 4: very good, 5: excellent) was also introduced. 
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Figure 25. An example of a pair of observations from Paper IV shows needles in their 
final positions with their tips adjacent to the thoracic drain. Imaging was performed 
with a low mechanical index (applicable to both contrast-specific imaging-mode and 
B-mode) 
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Quantitative evaluation 
For the three papers focusing on sonographic needle visibility, a quantitative 
assessment using the CNR was conducted, adhering to the same overarching 
principle. Image frames capturing each needle in its deepest (end) position 
were selected. In these frames, two regions of interest (ROIs) were defined: 
1) one elongated for the needle in its entirety and 2) one for the needle tip, as 
a square aligned with the most distal part of the first ROI. Additionally, an 
area outside these ROIs, represented by a polygon at the same depth as the 
ROI for the needle in its entirety and outside the electronically generated guid-
ance lines, was also delineated. An example from Paper IV is provided in Fig-
ure 26. Adjustments were made between the papers based on observed depth 
and the model used, resulting in some differences in the definitions of ROIs 
and background areas across the three papers, as outlined in Table 4. 

Table 4. Specifications and descriptions of the regions of interest and background de-
lineation used for quantitative contrast-to-noise ratio analysis in Papers I, III, and IV 

Paper ROI 1: 
Needle in its entirety 

ROI 2: 
Needle tip area 

Background area 

I Rectangle, 2 mm short 
side 

4 mm square Polygon on both sides of the 
electronically generated guid-
ance lines (~120 cm²) 

III Polygon, 3.5 mm short 
side 

3.5 mm square Polygon on both sides of the 
electronically generated guid-
ance lines 

IV Rectangle with a 3.5 
mm short side, limited 
to the intrahepatic part 
of the needle course 

3.5 mm square Polygon on one side of the 
electronically generated guid-
ance lines (the other side was 
excluded due to text in the low 
MI B-mode image related to 
narrower imaging in dual-
mode)  

ROI = Region of interest, MI = Mechanical index 

The ROI and background delineation was performed or approved by the op-
erator who conducted the puncture and was carried out in an unblinded man-
ner. The recordings were processed and analyzed using ImageJ software ver-
sions 1.52d-1.54g (Wayne Rasband, National Institute of Health, Bethesda, 
MD, USA). 
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Figure 26. An example from Paper IV: The top row displays a dual-mode ultrasound 
image of a core biopsy needle, primed with ultrasound contrast agent, in its final po-
sition next to the catheter. The bottom row shows the same image annotated with: 1 
(blue rectangle, 3.5 mm diameter) delineating the needle in its entirety; 2 (red square, 
3.5 mm side) highlighting the needle tip; 3 (yellow polygon) representing the back-
ground outside the ROIs; and T (white dashed circle) indicating the catheter simulat-
ing the target lesion. Imaging was performed with a low mechanical index (applicable 
to both contrast-specific imaging-mode and B-mode) 
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Paper I 
For the FNs, the distal end of the ROI representing the needle in its entirety 
(and thus also the ROI for the needle tip area) was defined to include only the 
punctate echo produced by the tip in all recordings. For the CBNs, a consistent 
depth was established across all recordings. This was necessary because the 
echoes from their tips were broader but less sharply defined, making them 
more challenging to delineate. 

Paper III 
For the quantitative evaluation (as with the qualitative evaluation), only 
CEUS-mode needle visibility was assessed, and the low MI B-mode visibility 
was omitted. The low MI B-mode image part of the recordings, however, was 
used to position the ROIs correctly, supported by observing needle move-
ments during insertion. 

Paper IV 
Both the CEUS-mode and low MI B-mode portions of the dual-mode image 
were analyzed. As in Paper III, a combined assessment of the CEUS-mode 
and low MI B-mode images was performed to accurately position the ROIs, 
utilizing needle movements during insertion. In Paper IV, this was further en-
hanced by incorporating the movements of the thoracic drain induced upon 
needle tip contact. 

Analysis and statistics 
All statistical tests were two-tailed and conducted at a 0.05 significance level. 
For statistical analyses and chart rendering, primarily different versions of R 
(R Foundation for Statistical Computing, Vienna, Austria) were used, except 
for Experiment 1 in Paper I, where SAS version 9.4 (SAS Institute Inc., Cary, 
NC, USA) was employed. 

Qualitative evaluation 
Paper I 
The median needle visibility was calculated for each assessor within each 
group. SF6 was deemed superior to air/NSS filling for a site if the assessor 
rated the visibility of the SF6-primed needle higher than the matched air/NSS-
primed needle. A generalized estimating equation logistic regression model 
was used to estimate the proportion, along with a 95% confidence interval, of 
sites where SF6 was considered superior. Additionally, the null hypothesis that 
the proportion of sites favoring SF6 was 0.5 was tested. Separate models were 
estimated for each group (FNs B-mode, FNs CPS, CBNs B-mode, and 
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CBNs CPS), with comparisons made against NSS and air, respectively (re-
sulting in a total of eight models). Generalized estimating equation was em-
ployed because four assessors rated each site, and an exchangeable correlation 
structure was used to account for the dependence between observations from 
the same site. No adjustments were made for multiple comparisons. 

Paper II 
For variables 1 and 4, the frequency and proportion of positive responses 
("Yes") were calculated for each assessor and combined based on the majority 
rule. Fisher's exact test was used to compare the two different concentrations. 
For variables 2 and 3, the mean of the first and second assessments for each 
assessor and biopsy was calculated. Additionally, a combined value was de-
termined for each biopsy, based on the average of the first and second assess-
ments across all three assessors. From these mean values, the first, second 
(median), and third quartiles were computed. Unpaired two-sample Wilcoxon 
tests were then conducted to compare the two concentrations. Intra-rater and 
inter-rater reliability were assessed using intraclass correlation coefficients 
(ICC type 3; consistency, two-way mixed, single score). 

Paper III 
For both questions 1 and 2, the frequencies of the four possible combinations 
of sub-questions a and b were consolidated into 2x2 contingency tables. The 
primary outcome variable was determined by the combined assessment of the 
assessors, according to the majority principle. Exact binomial tests (with a 
hypothesized probability of success of 0.5) compared the frequency of USCA-
primed needles with superior visibility and a clinically relevant difference in 
visibility against the total number of observations. Additionally, the propor-
tion of observations where two or three assessors agreed was calculated. 

Paper IV 
The same methodology as in Paper III was applied for questions 1 and 2, in-
cluding the consolidation of frequencies into 2x2 contingency tables and the 
use of exact binomial tests. However, comparisons were made for both 1) 
primed biopsy needles with superior visibility, regardless of clinical relevance 
(referred to as p1 in the results section), and 2) primed biopsy needles with 
clinically relevant superior visibility (referred to as p2 in the results section). 
This differs from Paper III, where only the latter analysis was performed. 

The Likert scale gradings were presented descriptively using jitter plots. 
Furthermore, the variations in Likert scale visibility for the needles across the 
first, second, and third priming stages were displayed as jitter plots and ana-
lyzed using a Friedman test. If the results were statistically significant, they 
were further analyzed with a Wilcoxon signed-rank test to compare the differ-
ent priming stages. Since repeated priming was considered unlikely to affect 
needle tip visibility, this aspect was excluded from the evaluation. 
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Quantitative evaluation 
In the quantitative evaluations conducted in Papers I, III, and IV, the mean 
CNRs for each puncture, both for the needle in its entirety and the needle tip, 
were calculated, and the medians of these means were determined. A Wil-
coxon signed-rank test was performed to compare the differences in CNRs 
between the primed and non-primed needles. 

In Papers III and IV, analyses were conducted to determine whether needle 
visibility was influenced by the priming order. In Paper III, CNRs for the nee-
dle in its entirety for the two biopsy needles were calculated separately for 
each priming order (first, second, and third), and differences were tested using 
a Wilcoxon signed-rank test. In Paper IV, the variations in CNRs for the nee-
dles across the first, second, and third priming stages were analyzed using the 
same methodology applied to Likert scale visibility, including a Friedman test 
and a Wilcoxon signed-rank test. These results were presented alongside the 
Likert scale findings. 
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Results 

An overview of the impact of USCA needle priming on sonographic needle 
visibility (Papers I, III, and IV) is provided on next page in Table 6 (next 
page). More detailed results for these, as well as the potential for CT biopsy 
site confirmation through needle priming with ICM (Paper II), are presented 
below for each respective paper. 

Paper I 
Qualitative evaluation 
The results of the visibility evaluation are shown in Table 5 and Figure 27. FN 
visibility was similar in B-mode but increased in CPS compared to NSS, 
though not with air. CBN visibility was also similar in B-mode, but improved 
with CPS compared to both air and NSS. 

Table 5. Proportion of needles primed with ultrasound contrast agent graded as more 
visible compared to the controls air and NSS (n=120) 

Needle type and imaging mode Air NSS 

Fine needles, B-mode 27.5 (11.5-52.5) 
p=0.075 

50.0 (28.5-71.5) 
p=1.000 

Fine needles, CPS 45.0 (22.4-69.8) 
p=0.705 

82.5 (61.6-93.3) 
p=0.005 

Core biopsy needles, B-mode 37.5 (21.3-57.1) 
p=0.209 

55.0 (33.7-74.6) 
p=0.654 

Core biopsy needles, CPS 82.5 (61.6-93.3) 
p=0.005 

77.5 (62.2-87.8) 
p=0.001 

Results are shown as proportion in percentages (95% CI) 

NSS = Normal saline. CPS = Contrast pulse sequencing (contrast-specific imaging-
mode) 
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Figure 27. Chart of the visibility evaluation in Paper I, Experiment 1, for all four as-
sessors with different needle primings (n=120 per assessor). Identical symbols within 
each box represent triplets of punctures performed at adjacent locations in butchered 
bovine liver, minimizing bias from parenchymal inhomogeneities. Horizontal gray 
bars indicate median values. CPS = Contrast pulse sequencing (contrast-specific im-
aging-mode); SF6 = Sulphur hexafluoride (ultrasound contrast agent); NSS = Normal 
saline 

Quantitative evaluation 
The results of the CNR evaluation are shown in Figure 28. The CNR increased 
for the entire needle course in all groups with SF6 filling, compared to both 
controls. However, the CNR for the needle tip area only increased with CPS 
and not in B-mode, for both FNs and CBNs. In seven controls from the CBNs 
CPS group (six filled with air and one with NSS), the needle course, including 
the tip, could not be identified. The first recording (from the FNs B-mode 
group) was lost due to accidental deletion, reducing the total number of pro-
cessed observations to 119 instead of 120. 

Assessor 1 Assessor 2 Assessor 3 Assessor 4
Su

bj
ec

tiv
e 
vi
si
bi
lit
y 

Fi
ne

 N
ee

dl
es

B-
m

od
e

Fi
ne

 N
ee

dl
es

C
PS

C
or

e 
Bi

op
sy

 N
ee

dl
es

B-
m

od
e

C
or

e 
Bi

op
sy

 N
ee

dl
es

C
PS

0

2

4

6

8

10

0

2

4

6

8

10

0

2

4

6

8

10

0

2

4

6

8

10

Air SF6 NSS Air SF6 NSS Air SF6 NSS Air SF6 NSS



 

 72 

 
Figure 28. Chart of contrast-to-noise ratio in Paper I, Experiment 2, for different nee-
dle primings, showing both the entire needle and the needle tip (n=119). CPS = Con-
trast pulse sequencing (contrast-specific imaging-mode); SF6 = Sulphur hexafluoride 
(ultrasound contrast agent); NSS = Normal saline 
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Paper II 
For the low concentration (140 mg I/mL), a trace was identified in 59 out of 
60 assessments (variable 1), and in 50 of those, the quality was sufficient to 
determine the biopsy site (variable 4). For the high concentration 
(400 mg I/mL), a trace was identified and of sufficient quality to determine 
the biopsy site in all 60 assessments. Using the higher concentration contrast 
media led to greater visibility and a higher proportion outlined (varia-
bles 2 and 3: p<0.001). No differences were observed between the two con-
centrations in the proportion of visible traces (variable 1: p>0.99) or the qual-
ity needed to identify the biopsy site (variable 4: p>=0.21). Intra-observer re-
liability for variables 2 and 3 ranged from 0.22 to 0.99, while inter-observer 
reliability ranged from 0.15 to 0.44. Detailed results are shown in Table 7 (all 
four variables) and Figure 29 (variables 2 and 3). 
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Figure 29. Chart illustrating the outcome of Paper II variables 2 (grade of visibility) 
and 3 (proportion outlined) for each of the three assessors, shown as dots with inter-
connecting lines and combined as box plots (grouped by the two contrast agent con-
centrations). Large dots represent the mean of the first and second assessments (num-
bers 1-10 within the dots correspond to the punctures shown in Fig. 4). Small dots 
with interconnecting lines represent the first (left) and second (right) assessments. 
Horizontal gray bars indicate median values 

Paper III 
Qualitative evaluation 
The results of the qualitative evaluation are shown in Table 8. Overall, fol-
lowing USCA needle priming, the needle was considered more clinically vis-
ible for all three needle types, both for the needle in its entirety and the needle 
tip. This conclusion held true for the radiologists both individually and 
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collectively. Additionally, after USCA needle priming, two of the three radi-
ologists assessed the needles as more clinically visible in all observations 
(100% agreement), while all three radiologists agreed in 154 out of 180 as-
sessments (86% agreement). 

Quantitative evaluation 
The results of the quantitative evaluation are shown in Figure 30 and Table 9. 
In summary, after USCA needle priming, the CNR for the needle in its entirety 
improved across all three needle types. The needle tip CNR was higher for 
both the full core biopsy and introducer needles, but remained comparable to 
the controls for the side-notch biopsy needles. Additionally, the CNR for the 
needle in its entirety in both CBN types was superior regardless of whether it 
was the first, second, or third priming order. 
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Table 8. Results of the qualitative evaluation in Paper III 

Side-notch biopsy needle visibility 
Needle in its entirety 

Assessor 1 2 3 WT 
Priming USCA Ctrls USCA Ctrls USCA Ctrls USCA Ctrls 

Clinically 
relevant 

Y 25 0 30 0 30 0 30 0 
N 5 0 0 0 0 0 0 0 

p1 <0.001 <0.001 <0.001 <0.001 
Needle tip 

Assessor 1 2 3 WT 
Priming USCA Ctrls USCA Ctrls USCA Ctrls USCA Ctrls 

Clinically 
relevant 

Y 25 0 30 0 30 0 30 0 
N 5 0 0 0 0 0 0 0 

p1 <0.001 <0.001 <0.001 <0.001 
 

Full core biopsy needle visibility 
Needle in its entirety 

Assessor 1 2 3 WT 
Priming USCA Ctrls USCA Ctrls USCA Ctrls USCA Ctrls 

Clinically 
relevant 

Y 23 0 30 0 30 0 30 0 
N 7 0 0 0 0 0 0 0 

p1 0.005 <0.001 <0.001 <0.001 
Needle tip 

Assessor 1 2 3 WT 
Priming USCA Ctrls USCA Ctrls USCA Ctrls USCA Ctrls 

Clinically 
relevant 

Y 24 0 30 0 30 0 30 0 
N 6 0 0 0 0 0 0 0 

p1 0.001 <0.001 <0.001 <0.001 
 

Coaxial introducer needle visibility 
Needle in its entirety 

Assessor 1 2 3 WT 
Priming USCA Ctrls USCA Ctrls USCA Ctrls USCA Ctrls 

Clinically 
relevant 

Y 29 0 30 0 30 0 30 0 
N 1 0 0 0 0 0 0 0 

p1 <0.001 <0.001 <0.001 <0.001 
Needle tip 

Assessor 1 2 3 WT 
Priming USCA Ctrls USCA Ctrls USCA Ctrls USCA Ctrls 

Clinically 
relevant 

Y 28 1 30 0 30 0 30 0 
N 1 0 0 0 0 0 0 0 

p1 <0.001 <0.001 <0.001 <0.001 
1Exact binominal tests (hypothesized probability of success of 0.5) by comparing the 
frequency of USCA-primed needles with superior visibility and a clinically relevant 
difference in visibility with the total number of observations 

WT = Weighted together (by majority), USCA = Ultrasound contrast agent, Ctrls = 
Controls, Y = Yes, N = No 
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Figure 30. Contrast-to-noise ratio in Paper III for ultrasound contrast agent-primed 
needles compared to controls, evaluated for both the entire needle and needle tips 
across the three different needle types studied (n=180). Gray bars represent median 
values, and p-values are from Wilcoxon signed-rank tests 
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Table 9. Results of the quantitative evaluation in Paper III 

Needle ROI Order of 
priming 

Median CNR 
USCA 

Median CNR 
Controls p1 

Side-notch 
biopsy 
needle 

Needle in  
its entirety 

1 0.8 0.19 0.002 
2 0.79 0.20 0.002 
3 0.94 0.21 0.002 

Aggregated2 0.83 0.21 <0.001 
Needle tip Aggregated2 0.50 0.57 0.191 

Full core 
biopsy 
needle 

Needle in  
its entirety 

1 1.21 0.38 0.002 
2 1.19 0.39 0.002 
3 1.43 0.35 0.002 

Aggregated2 1.26 0.38 <0.001 
Needle tip Aggregated2 1.02 0.38 <0.001 

Coaxial 
introducer 

needle 

Needle in  
its entirety Aggregated2 0.93 0.13 <0.001 

Needle tip Aggregated2 1.63 0.56 <0.001 
1Wilcoxon signed-rank test comparing the USCA-primed needles with the controls 
2Aggregation of the different order of primings (1-3) 

ROI = Region of interest, CNR = Contrast-to-noise ratio, USCA = Ultrasound contrast 
agent 

Paper IV 
Qualitative evaluation 
In CEUS-mode, the visibility of both the entire needle and the needle tip im-
proved significantly after priming, regardless of whether clinical relevance 
was considered (p1<0.001 and p2<0.001). However, in low MI B-mode, the 
visibility of the entire needle decreased after priming when clinical relevance 
was not considered (p1=0.005), but no significant difference was found when 
clinical relevance was taken into account (p2=0.11). No statistical differences 
were observed in low MI B-mode needle tip visibility after priming, regardless 
of clinical relevance (p1=0.10 and p2=1). Detailed results are provided in Fig-
ure 31 and Table 10. 
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Table 10. Results of the qualitative evaluation in Paper IV 

Contrast-specific imaging-mode visibility 

Needle in its entirety 
Assessor 1 2 3 WT 
Priming USCA Ctrls USCA Ctrls USCA Ctrls USCA Ctrls 

Clinically 
relevant 

Yes 29 0 30 0 30 0 30 0 
No 1 0 0 0 0 0 0 0 
p1 <0.001 <0.001 <0.001 <0.001 
p2 <0.001 <0.001 <0.001 <0.001 

Needle tip 
Assessor 1 2 3 WT 
Priming USCA Ctrls USCA Ctrls USCA Ctrls USCA Ctrls 

Clinically 
relevant 

Yes 26 0 30 0 28 0 28 0 
No 4 0 0 0 2 0 2 0 
p1 <0.001 <0.001 <0.001 <0.001 
p2 <0.001 <0.001 <0.001 <0.001 

 
Low mechanical index B-mode visibility 

Needle in its entirety 
Assessor 1 2 3 WT 
Priming USCA Ctrls USCA Ctrls USCA Ctrls USCA Ctrls 

Clinically 
relevant 

Yes 3 9 4 11 2 3 2 8 
No 4 14 3 12 6 19 5 15 
p1 0.005 0.005 0.02 0.005 
p2 0.15 0.12 1 0.11 

Needle tip 
Assessor 1 2 3 WT 
Priming USCA Ctrls USCA Ctrls USCA Ctrls USCA Ctrls 

Clinically 
relevant 

Yes 4 4 4 6 1 2 2 3 
No 7 15 4 16 12 15 8 17 
p1 0.20 0.02 0.58 0.10 
p2 1 0.75 1 1 

WT = Weighted together (by majority), USCA = Ultrasound contrast agent, Ctrls = 
Controls, p1 = Exact binominal test independently of clinical relevance, p2 = Exact 
binominal test for the subset of clinically relevant observations 

In CEUS-mode, a significant difference was observed in the Likert-graded 
visibility of the primed needles based on the priming order (p<0.001), with the 
second and third orders rated higher than the first (p=0.003 and p<0.001, re-
spectively). However, no significant difference was found between the second 
and third orders (p=0.15). In low MI B-mode, no significant differences were 
observed in Likert-graded visibility for the primed needles across the different 
priming orders (p=0.12). The distribution is shown in Figure 32.  
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Figure 32. Jitter plot showing needle visibility in its entirety based on priming order 
in Paper IV (n=30). The top row features dot plots of the contrast-to-noise ratio, while 
the bottom row presents jitter plots of qualitative Likert scale ratings. P-values were 
calculated using Friedman tests. B-mode refers to low mechanical index B-mode 

Quantitative evaluation 
After needle priming, the CNR for the needle in its entirety was higher in 
CEUS-mode but slightly lower in low MI B-mode. However, no significant 
differences were observed for the needle tip across any imaging modes. De-
tailed results are presented in Figure 33 and Table 11. Additionally, no differ-
ences in CNR were observed for the primed needles across the different prim-
ing orders, as shown in Figure 32. 
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Figure 33. Box-and-whisker plot of the contrast-to-noise ratio for ultrasound contrast 
agent-primed needles versus controls in Paper IV, including both needles in their en-
tirety and needle tips, in contrast-specific imaging-mode and low MI B-mode. Results 
are illustrated as box-and-whisker plots (n=30 per group). P-values were calculated 
using Wilcoxon signed-rank tests. B-mode refers to low mechanical index B-mode 

Table 11. Results of the quantitative evaluation in Paper IV 

Imaging 
mode ROI Order of 

priming 
Median CNR 

USCA 
Median CNR 

Controls p1 

Contrast- 
specific 
imaging-

mode 

Needle in  
its entirety 

1 0.86 0.17 p=0.002 
2 0.95 0.13 p=0.002 
3 1.05 0.26 p=0.004 

Aggregated2 0.98 0.17 p<0.001 
Needle tip Aggregated2 0.78 0.84 p=0.76 

Low MI 
B-mode 

Needle in  
its entirety 

1 0.67 0.70 p=0.56 
2 0.57 0.81 p=0.01 
3 0.71 0.78 p=0.13 

Aggregated2 0.65 0.78 p=0.008 
Needle tip Aggregated2 0.79 0.58 p=0.25 

1Wilcoxon signed-rank test comparing the USCA-primed needles with the controls 
2Aggregation of the different order of primings (1-3) 

ROI = Region of interest, CNR = Contrast-to-noise ratio, USCA = Ultrasound contrast 
agent, MI = Mechanical index
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Discussion 

Impact of ultrasound contrast agent needle priming on 
sonographic needle visibility (papers I, III, and IV) 
The main results and the potential mechanisms behind them are first addressed 
separately for the two different imaging modes. Thereafter, the methodology 
and clinical applicability are discussed. 

B-mode needle visibility 
The overall outcome regarding USCA needle priming in B-mode was mixed, 
with slightly positive results in Paper I and slightly negative results in Paper 
IV. To elaborate, in Paper I, the results were neutral for both FNs and CBNs 
in the qualitative analysis, while the quantitative analysis showed positive re-
sults for the entire needle course but neutral for the needle tips. In Paper IV, 
where low MI B-mode was used, USCA needle priming resulted in inferior 
needle visibility in the qualitative analysis when clinical relevance was not 
considered, but no statistically significant differences were found when clini-
cal relevance was taken into account. Similarly, in the quantitative analysis, 
the CNR was somewhat decreased for the needle in its entirety but remained 
neutral for the needle tip. 

Several explanations could account for the inconsistent results between Pa-
per I and Paper IV. The needle types, priming methods, US machines, associ-
ated transducers, and evaluation models varied across the studies. Addition-
ally, different mechanical indexes (normal versus low) were used, which may 
have influenced the outcomes. Based on the underlying theory, the opposite 
result might have been expected, with a rapidly fading hyperechoic signal in 
Paper I as the bubbles burst due to the high MI. One explanation for the poorer 
needle visibility in Paper IV could be the contrast-enhanced background, 
which may have caused the echogenicity of the background and the needle to 
converge. Moreover, the mostly neutral outcomes in the qualitative analyses 
may suggest that needles, unlike in CEUS-mode, are typically well-visualized 
in B-mode without the need for modifications or priming. 

What has previously been reported regarding the injection of microbubbles 
to improve needle visibility in B-mode has not been consistently replicated in 
this project, given our mixed results (63, 65). 
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Contrast-specific imaging-mode needle visibility 
For the FNs, the results in CEUS-mode were inconsistent, with USCA needle 
priming showing no improvement in needle visibility in the qualitative analy-
sis but an increase in CNR in the quantitative analysis. The findings do not 
contradict but are not entirely in line with those previously reported in the 
literature, which also inspired this project (46, 50). Several factors may ex-
plain the discrepancy. First, the small sample size in Paper I may have con-
tributed to a type 2 error, further compounded by the fact that the statistical 
model used in the qualitative analysis was developed after the gradings were 
completed, which is suboptimal. Moreover, the use of two different models 
(bovine liver in Experiment 1 and a water bath in Experiment 2), each with 
varying backgrounds, could also have played a role in the inconsistency be-
tween the qualitative and quantitative analyses. The risk of the needle deviat-
ing from the plane was likely higher in Experiment 1, where the operator man-
ually held the transducer, compared to Experiment 2, where the transducer 
was fixed. Additionally, the FN, with its beveled tip (similar to the inner stylet 
of side-notch biopsy needles), is more prone to deviation when encountering 
resistance from the firmer bovine liver tissue in Experiment 1. In contrast, the 
water bath in Experiment 2 offered minimal resistance. Furthermore, the more 
delicate structure of the FNs compared to the CBNs and CINs may also be a 
factor. Assuming that the USCA, rather than the metal, contributes most of 
the visible echoes in CEUS-mode, it is important to compare both the outer 
and inner diameters of the needles. Since the metal cannot be made exces-
sively thin, a larger proportion of a thinner needle consists of metal compared 
to a thicker needle. For the FN used in Paper I, the outer diameter is 0.90 mm, 
while the inner diameter is 0.64 mm. In contrast, the CIN evaluated in Paper 
III has an outer diameter of 1.47 mm and an inner diameter of 1.32 mm. Thus, 
despite the CIN having a roughly 60% larger outer diameter than the FN, its 
inner diameter is almost 110% larger. 

When it comes to the CBNs, USCA needle priming increased CEUS-mode 
needle visibility with few exceptions, and in no case was visibility worsened. 
Similarly, the priming of CINs, evaluated in Paper III, also resulted in im-
proved needle visibility with USCA priming. This is logical, given that its 
design, with an inner stylet and outer cannula, is very similar to that of the 
CBNs. From this, it can be concluded that the small amount of USCA that fits 
in the space between the inner stylet and outer cannula of both CBNs and CINs 
is evidently sufficient to produce detectable non-linear echoes. Furthermore, 
in Paper III, the unchanged CNR observed for the side-notch biopsy needle 
tip may be due to a larger portion of its inner stylet being exposed, with 4.6 
mm either completely or partially uncovered by the outer cannula, compared 
to 3.4 mm for the FC-ABG and 2.6 mm for the introducer needle. Despite this, 
it should still be possible to indirectly estimate the needle tip's position with 
reasonable accuracy, though the operator should be aware of the phenomenon 
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in a clinical setting. Moreover, in Paper IV, unlike Paper III, USCA needle 
priming did not result in an increase in CNR for the needle tip in CEUS-mode 
(nor in B-mode), despite using the same FC-ABG and priming method. We 
propose that this outcome may have been at least partially caused by anechoic 
artifacts near the thoracic drain, which likely diminished the signal intensity 
in the needle tip ROI for both the primed needles and the controls. The dis-
crepancies in the needle tip outcomes between the qualitative and quantitative 
analyses in Paper IV may have arisen from the fact that the quantitative anal-
ysis only considered image frames at the needle's final position (where the 
aforementioned artifacts were present). In contrast, the qualitative analysis en-
compassed the entire puncture process, from the skin surface to the final po-
sition, allowing evaluators to assess the needle tip area even during needle 
movement. Conducting CNR analyses on the frames captured during needle 
movement was considered unfeasible. 

It is not surprising that for needles that can be disassembled—i.e., the 
CBNs in Paper I and the CINs in Paper III—the visibility of the needle in its 
entirety improves, as the outer cannula is completely filled with USCA during 
the priming process before the inner stylet is reinserted. Interestingly, for the 
non-detachable or difficult-to-disassemble CBNs, USCA needle priming also 
increased the CEUS-mode CNR of the needle in its entirety in Papers III and 
IV. In Paper III, this improvement was observed regardless of whether it oc-
curred after the first, second, or third priming round. Similarly, in Paper IV, 
no difference in CNR was noted between the three priming rounds. However, 
in Paper IV, the qualitative visibility, assessed using the Likert scale, was 
slightly higher after the second and third priming rounds compared to the first. 
These findings suggest that performing the priming procedure more than once 
is not necessary to improve needle visibility, although there may still be some 
benefit in doing so. One possible, though unproven, explanation for this effect 
is that the USCA may migrate in the space between the inner stylet and outer 
cannula toward the biopsy gun handle through capillary action, rather than 
being distributed solely as a result of the back-and-forth movement of the in-
ner stylet against the outer cannula during the firing and reloading of the bi-
opsy gun. One could speculate whether the same mechanism might apply 
when performing USCA "coating" to enhance needle visibility, as previously 
reported by Chandrashekhara et al., and that it might actually be possible to 
prime needles in even simpler ways than those used in Paper III (70). 

A key finding in both Papers III and IV is that, in CEUS-mode, needles 
primed with undiluted USCA were distinguishable from the background of 
diluted USCA in the water bath and perfused liver parenchyma, respectively. 
This leads to the conclusion that the two contrast-filled structures can be 
clearly distinguished based on their differing concentrations, with the needle 
concentration being significantly higher than the background. As a result, the 
needles did not become obscured in the background due to signal saturation. 
Furthermore, although this was not specifically studied within the scope of 
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this project, the issue of posterior acoustic shadowing was not noticeable, even 
with the use of undiluted USCA. The small volume of USCA, and conse-
quently the fewer bubbles that fit in the space between the inner stylet and 
outer cannula per centimeter, compared to, for example, an 8F pigtail catheter 
(with an typical inner diameter of 1 mm) placed in an abscess cavity during a 
CEUS tubogram, may have contributed to this difference1. Priming with di-
luted USCA, as used in intracavitary applications presented in the EFSUMB 
guidelines, could though potentially work just as effectively (46). However, 
this falls outside the scope of what has been evaluated in this thesis. 

Both Chandrashekhara et al. and Kessner et al. have highlighted a common 
challenge in the field, emphasizing that achieving optimal needle visualization 
in CEUS-mode is crucial for improving procedural accuracy (49, 70). The 
concept of introducing USCAs into puncture needles and catheters has already 
been described (46, 50). However, to the best of my knowledge, priming 
CBNs or CINs by introducing contrast agent into the space between the inner 
stylet and the outer cannula has not been performed prior to this doctoral pro-
ject. Chandrashekhara et al. also employed USCA for needle priming (70). 
This was chronologically published after Paper I. Their method involved 
"coating" both the inner stylet and outer cannula with 1-2 mL of USCA, alt-
hough they did not provide a detailed description of the exact procedure. Here, 
a US-guided CNB was performed in dual-mode, and the priming method was 
reported to provide complete visualization of the needle trajectory, including 
the needle tip. Additionally, it was noted to offer significantly better visibility 
in CEUS-mode compared to low MI B-mode. 

When it comes to alternatives to USCA priming for improving needle vis-
ibility in CEUS-mode, Kessner et al., as previously mentioned, have described 
a technique involving the removal of the stylet and the injection of air into 
stylet-equipped needles (49). However, they have not specified the gauge of 
the needles used in their method. Moreover, their technique has not been tested 
directly or systematically within this doctoral project. However, the approach 
bears similarities to the one applied to side-notch CBNs in Paper I, where the 
inner stylets were separated from the outer cannula, the outer cannula was 
flushed with air in one of the controls, and the inner stylet was then reinserted 
into the outer cannula. Since no control without air flushing was used in our 
study, we cannot assess the specific impact of "air priming" on visibility. We 
can only conclude that USCA priming rendered the CBNs more visible in 

 
1For the 17G CIN (Argon Medical Devices, Inc., Plano, TX, USA) evaluated in Paper III, the 
inner diameter of the outer cannula is 1.32 mm. With an 18G inner stylet (outer diameter 1.27 
mm), the difference in diameter is 0.05 mm, resulting in a cross-sectional area of 0.102 mm² 
for the space between the outer cannula and the inner stylet. This can be compared to an 8F 
pigtail catheter (Skater, Argon Medical Devices, Inc., Plano, TX, USA) with an inner diameter 
of 1.02 mm, which provides a cross-sectional area of 0.81 mm². Despite the larger inner diam-
eter of the CIN's outer cannula compared to the pigtail catheter, the cross-sectional area avail-
able for contrast agent in the latter is nearly eight times larger. The measurement data was 
provided by the manufacturer, and the calculation of the various areas was done by me. 
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CEUS-mode than the "air-primed" controls in our experiments. Their method, 
which involves removing and reinserting a stylet, restricts its use to needles 
that can be disassembled. 

Methodology considerations, strengths and limitations 
The needle visibility has been evaluated through experiments conducted in 
various models developed during the course of the project. After establishing 
proof of concept (Paper I) and further refining the priming methods (Paper 
III), in vivo experiments were eventually carried out to confirm that the con-
cept also works in living tissue. The approach of starting with ex vivo and 
phantom experiments was justified by the simplicity, low cost, and relatively 
short time required to generate a sufficient number of observations in those 
models. This provided a basis to demonstrate that the methods were effective, 
for power calculations, and to ethically justify the porcine in vivo study. An 
alternative to the porcine study could have been to conduct a human study. 
However, given the results in Paper I, which showed greater potential for 
punctures performed in CEUS-mode rather than the more commonly used 
B-mode procedures, the scope of application for these methods was signifi-
cantly narrowed. Conducting a human study would have posed a considerable 
challenge in terms of recruiting enough patients requiring biopsies in 
CEUS-mode within a reasonable time frame. Moreover, there would have 
been potential ethical concerns in using unprimed needles as controls in a hu-
man study, considering the poor needle visibility frequently observed. 

In Paper I and Experiment 1, the use of butchered bovine liver as a model 
was advantageous, as it sonographically resembled the human liver. However, 
this model also had its weaknesses. Firstly, it introduced non-physiological air 
artifacts from the slaughtering process. Secondly, it did not allow for the sim-
ulation of background contrast enhancement in the tissues surrounding the 
needle, as would be obtained following intravenous USCA injection. To com-
pensate for this, evaluations in both Paper I and Experiment 2, as well as in 
Paper III, were conducted in a water bath, where a stream of oxygen bubbles 
and USCA were used respectively to create a more challenging and realistic 
background compared to a plain water bath. However, the properties of a wa-
ter bath still do not fully replicate those of real tissue. Another limitation of 
using a water bath phantom is that, despite the addition of oxygen bubbles or 
USCA, the naturally high B-mode needle visibility in fluids reduces the rele-
vance of B-mode evaluation (67). The porcine model in Paper IV offers ad-
vantages due to its close resemblance to humans. Additionally, unlike Exper-
iment 1 in Paper I on butchered bovine liver, no puncture-related artifacts were 
observed, despite performing six punctures at the same site in each of the 10 
sets. However, the model is not without its drawbacks. One key limitation is 
the significantly lower body weight of the pig compared to an adult human, 
along with its minimal body fat, which did not replicate the typical challenges 
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often encountered in clinical practice. Additionally, the average depth of the 
simulated target (just under 5 cm) is relatively shallow compared to many real-
world clinical cases. 

There is no gold standard for assessing needle visibility, and given the in-
herently subjective nature of such evaluations, it is impossible to establish any 
absolute "truth”. How this manifests becomes especially clear in the qualita-
tive results for Paper 1 (Figure 27), where it is evident how differently the four 
evaluators translate needle visibility into a score from 1 to 10. Following val-
uable input from a reviewer, additional experiments were conducted, and a 
quantitative analysis using CNR calculations for both the needle in its entirety 
and the needle tips was added. The same overall approach with both qualita-
tive and quantitative evaluations of the needle in its entirety and the needle 
tips was subsequently used in Papers III and IV. 

The way the qualitative assessments were conducted was adjusted over 
time, starting with a simple VAS scale in Paper I, which focused on the overall 
impression of needle visibility. This scale was not optimal, as it reduced sta-
tistical power by not requiring evaluators to clearly determine in which of the 
two observations the needle was more visible. In Paper III, a different assess-
ment scale was used, where the evaluators assessed both the trajectory of the 
needle in its entirety and the needle tips, and additionally had to explicitly 
decide whether a primed or unprimed needle was more visible. In Paper IV, 
the methodology from Papers I and III was somewhat combined, incorporat-
ing the same questions used in Paper III along with the addition of a VAS 
scale. For the quantitative analysis, only minor adjustments were made be-
tween the studies, specifically in the size of the ROIs and in how the back-
ground area was defined, depending on the model (water bath or porcine liver) 
in which the needles were evaluated.  

Evaluating needle visibility both qualitatively, with input from at least three 
experienced assessors in each paper, and quantitatively is a significant 
strength across the three studies. Additionally, with the exception of the qual-
itative analysis in Paper I, the evaluations included both the needle in its en-
tirety and the needle tip. Despite these strengths, the methodology is not with-
out its imperfections. In US-guided punctures, ensuring the accurate localiza-
tion of the needle tip is paramount, which justifies the extra focus placed on 
this aspect. However, this introduces certain challenges in the qualitative anal-
ysis, as it's not always guaranteed that the evaluators are assessing the visibil-
ity of the actual needle tip, but rather what they believe to be the tip. They may 
also become biased by the fact that the trajectory of the needle in its entirety 
is clearly visible and mistakenly interpret this as the needle tip also being well-
visualized. A similar issue arised during the positioning of ROIs in the CNR 
analysis, which was consistently done in an unblinded manner by the same 
individual who performed the punctures. In Paper I, the puncture depth was 
primarily constant when defining the area for the needle tip. To more accu-
rately identify the exact location of the needle tip in both the qualitative and 



 

 90 

quantitative analyses, a simulated tumor was introduced in Papers III and IV 
using a fluid-filled polyolefin hose and a thoracic drainage tube, respectively. 
However, in Paper IV, this resulted in artifacts that sometimes tended to 
shadow the tip area. This artifact issue could have been avoided by conducting 
the experiment without targeting a simulated tumor. However, omitting a 
highly echogenic target would have made it more difficult to confirm that the 
needle tip had reached the intended target and depth, as indicated by the small 
movement in the thoracic drain caused by the needle. Alternatively, a different 
target that produces fewer artifacts (e.g., a thin-walled polyolefin hose, as used 
in Paper III) could have been used, though we did not find this feasible for the 
in vivo experiment. 

A limitation across all the studies is that the priming methods were evalu-
ated using only a single US machine with fixed settings, one transducer with 
a consistent puncture angle, and a constant puncture depth (Papers I and III) 
or limited variation in the same (Paper IV). Additionally, only curved trans-
ducers have been used. However, two different generations of machines and 
their respective transducers, although both from the same manufacturer, were 
utilized (one for Paper I and another for Papers III and IV). Additionally, the 
potential effect of priming the CBNs on tissue yield has not been studied. 
However, there is no concrete suspicion that such an effect would occur. 

Clinical applicability 
Determining when a new method is ready for clinical use is a matter of judg-
ment. In this thesis, systematic evaluations have been conducted ex vivo, in 
phantom experiments, and most importantly, in vivo. Overall, one could argue 
that the results support the use of these methods in select clinical cases where 
CNBs are performed with US guidance in CEUS-mode, particularly when 
needle visibility is deemed insufficient. However, in B-mode, where the re-
sults have been mixed, there is no strong support for the use of the priming 
methods. Given the improved needle visibility in CEUS-mode, the low MI 
B-mode image used in dual screen may be of less importance, allowing the 
operator to focus primarily on the CEUS-mode image. However, it is im-
portant to remain aware that the needle may be less visible on the low MI 
B-mode image, and depending on the needle type used, the tip area and a few 
millimeters toward the handle might not be clearly visible due to the construc-
tion of certain CBNs. 

Priming FNs and CINs with USCA seems uncontroversial from a medical 
technology perspective, as these needles are specifically designed for various 
uses, including the delivery of fluids such as local anesthetics and contrast 
agents. However, biopsy guns and their corresponding CBNs are not specifi-
cally designed or certified for priming with contrast agents, making this prac-
tice off-label. Firing CBNs without resistance, as facilitated by the priming 
procedure presented for FC-ABGs in Paper III and IV, is discouraged by 
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manufacturers. In practice, however, this is something that is done daily when 
operators fire the instrument in the air to demonstrate the sound it makes to 
the patient before a procedure. 

There is a theoretical risk that the USCA used for priming could interfere 
with the pathological analysis. However, this risk is considered minimal, 
given that the tissue sample is typically fixed in formaldehyde solution, which 
is significantly greater in volume than the tissue core itself. Additionally, un-
like ICM, USCA is neither highly viscous nor sticky. Although this theoretical 
risk of interference has not been evaluated, it should be weighed against the 
risk of being unable to perform a CNB procedure or conducting it with re-
duced accuracy and an increased risk of complications due to poor needle vis-
ibility. 

The cost aspect of USCA needle priming can be debated (the list price for 
a bottle of SF6 is approximately 900 SEK). Given that the method is only used 
in conjunction with CEUS when USCAs are administered intravenously, and 
that one bottle of SF6 contains 5 mL, it is more than enough for two typical 
intravenous doses of 2 mL each, leaving 1 mL available. This amount should 
be sufficient for the small volume needed (up to 0.6 mL for the CBNs, de-
pending on the type used, with an estimated additional 0.1 mL for each sub-
sequent priming round after the first) if the methods developed in Paper III are 
applied. Under these assumptions, there is practically no additional cost for 
the priming. While the CNB procedure may take slightly longer with needle 
priming, this should be weighed against the potential drawbacks of insuffi-
cient needle visibility or the need for a more resource-intensive approach to 
tissue sampling, such as with CT guidance or surgery. 

Potential for CT biopsy site confirmation through 
needle priming with iodinated contrast media (paper II) 
The main result in Paper II was that priming CBNs (SN-ABGs) with ICM, 
almost without exception, produced highly attenuating traces in a blood pud-
ding following CT-guided biopsy. Secondly, the quality of the traces created 
with a high concentration of contrast media was sufficient to pinpoint the lo-
cation of all biopsy samples. Additionally, the visibility and proportion of the 
biopsy site outlined were significantly greater with a higher concentration of 
contrast media compared to a lower concentration. 

The ICC values for variables 2 and 3 ranged from poor to excellent for 
intra-rater reliability and remained poor throughout for inter-rater reliability, 
as per the criteria suggested by Koo et al. (96). It is common for ICC values 
to be low when there is limited variability between the subjects observed (97). 
Therefore, the relatively low ICC values in the high concentration assessments 
can likely be attributed to most ratings clustering at the high end of the scale, 
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which does not necessarily indicate a lack of agreement between observers. 
For the dichotomous variables 1 and 4, calculating the kappa coefficient would 
have been the appropriate method to assess intra- and inter-rater reliability. 
However, due to the low variability, calculating kappa was not feasible for 
most comparisons, and thus, the analysis was not conducted. 

To the best of my knowledge, the principle of CT biopsy site verification 
using ICM has not been previously used or described. What is previously 
known is that with SN-SBGs, it is possible to image the inner stylet after it 
has been applied to a lesion (step III in Figure 1) before the cutting outer can-
nula is fired (step IV in Figure 1) (11). 

A notable strength of our study is that each puncture was assessed twice, in 
a blinded manner, by three experienced CT specialists. A weakness, in con-
trast to the US-focused papers in this thesis, is that no strictly quantitative 
analysis was conducted (CNR analysis as used in the other Papers was not 
deemed applicable). Additionally, only one needle type with a specific stroke 
length and associated side-notch length was evaluated. Furthermore, the use 
of blood pudding as a model is advantageous, as it closely mimics the firmness 
of solid tumor lesions. At the same time, the evaluation was limited to a single 
phantom model with consistent firmness throughout. In reality, tumors vary 
in firmness, and how the method would perform in both softer and harder con-
ditions than the blood pudding model remains unknown. However, the main 
limitation is that the method has not been tested in vivo, leaving uncertainty 
about the extent and duration of contrast media traces in perfused target le-
sions. Detecting any transient trace of a biopsy through repeated imaging 
could potentially confirm that the sample was taken from the desired perfused 
(non-necrotic) area. While not observed in this phantom study, and likely of 
minor importance due to the short time between biopsy and post-biopsy im-
aging, there is a potential risk of overestimating the biopsy location in vivo 
due to contrast media diffusion into the surrounding tissues' interstitial space. 
Moreover, the method's performance in the transition zone between solid tu-
mors and looser tissues, such as normal lung tissue or necrotic tumors, remains 
unknown. Another limitation of using blood pudding is that it does not allow 
for a meaningful controlled setup (which is also why this was avoided). This 
is because during biopsy with unprimed needles, a low-attenuating (air-filled) 
track is formed, as the blood pudding does not behave like living tissue, which 
would normally close in response to the surrounding tissue's pressure condi-
tions. 

If the results can be successfully replicated in vivo, allowing for the visual-
ization of the CT biopsy site as intended, there is potential to reduce the need 
for repeat biopsies, thereby lowering the risks of complications and additional 
costs. However, these potential benefits must outweigh the added expenses 
for each biopsy procedure, such as the cost of extra disposable materials and 
the additional time required for priming the biopsy needles. While not directly 
studied, it seems intuitive that the simplified priming method used for USCA 
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with side-notch biopsy needles in Paper III could also work with ICM to create 
high-attenuating traces at the biopsy site. If this is the case, it would still in-
volve an additional step, but without significant extra material costs (as both 
1 mL syringes and iodine contrast, unless a new bottle is used exclusively for 
priming, are negligible in cost). When performing TTNBs, repeated priming 
(if multiple biopsies are taken) would also somewhat prolong the procedure 
time, including the dwell time (the time the needle remains across the pleura). 
A review article reported that increased dwell time may raise the risk of pneu-
mothorax, but a prospective study found no such increase in risk (98, 99). 
Additionally, administering ICM through the biopsy needle introduces a 
small, though not insignificant, risk of allergic reactions, albeit no higher than 
when given intravenously. Furthermore, the potential impact of priming the 
CBNs on tissue yield has not been explored, which could theoretically be pos-
sible given the stickiness of ICM. There may also be a risk of interference with 
histopathological tissue processing due to the introduction of highly concen-
trated ICM. However, these risks are considered low but have not been stud-
ied. 

Despite the uncertainties and challenges mentioned above, the main argu-
ment against the method of ICM needle priming is that newer products intro-
duced to the market in recent years address the same problem in a simpler 
manner. At the time the experiments in Paper II were conducted, the reusable 
SN-ABG evaluated in the study was commonly used for most CT-guided bi-
opsies at the Radiology Department of Uppsala University Hospital, Sweden. 
Additionally, as mentioned earlier, in cases involving biopsies near critical 
structures or when confirmation of the biopsy site was needed before firing 
the biopsy instrument, a single-use SN-SBG was used. However, the trend has 
since shifted towards using a FC-ABG with an adjustable stroke length 
(Corvocet, Merit Medical Systems, Inc., South Jordan, UT, USA). Due to its 
lighter design, this gun allows for CT imaging both before and after firing, 
corresponding to step II and step IV in Figure 4. Regarding evaluations of 
different CNB instruments for tissue yield, to the best of my knowledge, only 
one study has specifically assessed the Corvocet. In that study, Takeuchi et al. 
compared the Corvocet with a single-use SN-ABG (True-Core II, Argon Med-
ical Devices, Inc., Plano, TX, USA), both 18G, for US-guided liver biopsies 
in patients with chronic liver diseases (without targeting any focal or malig-
nancy-suspected lesions) (100). They found the Corvocet to be superior in ob-
taining larger tissue samples. Considerably more has been published about 
how the FC-ABG BioPince performs, which is not surprising given that it has 
been on the market for a much longer time. Diedrich et al. achieved a specific 
diagnosis in 99 out of 100 consecutive biopsies performed across various or-
gans using both US and CT guidance, with a low complication rate (101). 
Constantin et al. reported that kidney biopsies using a 16G BioPince yielded 
better glomerular count per core, required fewer cores for adequate tissue sam-
ples, and resulted in fewer major complications compared to a 14G reusable 
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SN-ABG (Bard Magnum, Core Tissue Biopsy Needle; CR Bard, Covington, 
GA, USA) (102). On the other hand, Zhong et al. reported a higher needle 
failure rate for the 16G BioPince compared to a disposable 16G SN-SBG 
(Max-Core Disposable Core Biopsy Instrument, CR Bard, Covington, GA, 
USA) (103). Similarly, Ozden et al. reported that in prostate biopsies 18G Bi-
oPince had a higher failure rate than an unspecified 18G CNB gun of side-
notch type (104). Overall, the performance of the BioPince regarding tissue 
yield is mixed in the literature. That said, FC-ABGs (specifically the BioPince 
Ultra, an advanced version of the original BioPince, and the CorVocet) are 
widely used in clinical practice at many centers. My personal experience is 
that the above-mentioned procedure with the CorVocet effectively addresses 
the issue of confirming the location of a CT-guided biopsy while ensuring 
sufficient tissue yield, although this remains to be scientifically proven. Fi-
nally, the cost aspect should also be mentioned, as this could be an argument 
for proceeding with an in vivo evaluation of the priming method in Paper II. 
The material cost for reusable SN-ABGs, including the CIN, is roughly half 
that of FC-ABGs. Given that the cost of the priming process can be minimized 
by using only a small syringe and ICM, as discussed above, this could, all else 
being equal, result in cost savings. 



 

 95 

Conclusions 

Paper I 
The novelty of this paper lies in the proof of concept that the very small space 
between the inner stylet and outer cannula of detachable CBNs (SN-ABGs) 
can be primed with USCA, resulting in improved visibility in CEUS-mode, 
both qualitatively in butchered bovine liver and quantitatively in a water bath 
phantom. However, the results for CBNs in B-mode and FNs in both B-mode 
and CEUS-mode were somewhat mixed and overall less promising. 

Paper II 
By using an advanced priming method compared to Paper 1, involving a mem-
brane-equipped device, CBNs (SN-ABGs) with needles that are difficult to 
disassemble were successfully primed with ICM. This technique consistently 
produced highly attenuating traces in a blood pudding model, where the traces 
were sufficient to determine the sample locations after CT-guided biopsy. 
High-concentration ICM proved superior to low-concentration ICM. 

Paper III 
Using simplified USCA needle priming methods compared to those in Papers 
I and II, the CEUS-mode needle visibility for two types of CBNs (SN-ABGs 
and FC-ABGs) and CINs were significantly improved, almost without excep-
tion, both qualitatively and quantitatively, against a contrast-enhanced back-
ground in a water bath model. The innovation lies in the fact that these priming 
methods can be applied without disassembling the CBNs, requiring only min-
imal amounts of USCA and a 1 mL syringe. 

Paper IV 
The impact of USCA needle priming on the visibility of CBNs (FC-ABGs), 
using the method from Paper III, was re-evaluated in vivo in a porcine model 
with a contrast-enhanced background. The results, with few exceptions, 
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confirmed increased needle visibility in CEUS-mode, both qualitatively and 
quantitatively, while visibility was slightly reduced in simultaneous low-MI 
B-mode imaging. 

General conclusions 
Overall, the findings support the clinical application of our priming methods, 
particularly for certain CNB procedures that benefit from enhanced visualiza-
tion in CEUS-mode when needle visibility is insufficient. However, the results 
do not support using these methods in B-mode. Given the improved needle 
visibility in CEUS-mode, the low MI B-mode image used in dual screen may 
become less critical with the aid of the priming methods, allowing the operator 
to primarily focus on the CEUS-mode image. However, the operator must re-
main aware that the needle may be less visible on the low MI B-mode image, 
and depending on the needle type used, the tip area and a few millimeters 
toward the handle may not be clearly visible due to the construction of certain 
CBNs. Only priming with undiluted USCA has been studied, and it is possible 
that diluted USCA could work just as well, but this remains to be evaluated. 

Priming the needle with ICM has been shown to produce highly attenuating 
traces in a blood pudding model, sufficient to determine sample locations after 
CT-guided biopsy. However, before any potential clinical use can be consid-
ered, these findings need to be confirmed in vivo, as it is unclear to what extent 
the results can be reproduced in living tissue. The future clinical potential of 
the method is uncertain, as newer commercially available FC-ABGs likely 
offer an equally effective or even superior solution to the same problem in a 
simpler way. An argument for proceeding with an in vivo evaluation of the 
priming method, despite other options, could be the potential cost savings that 
reusable SN-ABGs offer. 
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Future perspectives 

When it comes to priming needles with USCA to improve visibility in 
CEUS-mode, I see no immediate obstacles to using these methods in select 
cases. A colleague with US expertise has anecdotally reported successfully 
using needle priming during a biopsy of a small liver lesion visible only in 
CEUS-mode, allowing the procedure to be performed without the need for CT 
guidance. He expressed that he would not have felt comfortable proceeding 
without this method. Given the results and such experiences, conducting a 
controlled human study may present ethical challenges, as the potential for 
poor needle visibility in the control group could increase procedural risks. 
Therefore, the next step, in collaboration with colleagues who have been part 
of this project, is to conduct a brief, uncontrolled case series to present clinical 
insights in a peer-reviewed journal. 

Given the limited clinical value of proceeding with an in vivo validation of 
SN-ABGs primed with ICM, it would be more appropriate to focus on vali-
dating how these new lightweight FC-ABGs perform compared to other types 
of biopsy guns, particularly in terms of tissue yield. Additionally, evaluating 
the concept of post-fire biopsy site imaging and its impact on diagnostic per-
formance in CT-guided biopsies would be of great interest. 
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Sammanfattning på svenska (summary in 
Swedish) 

Inom modern cancervård är provtagning från tumörmisstänkta förändringar 
avgörande både för att ställa diagnos och vid valet av behandling. Förutom 
kirurgi finns två vanligt förekommande metoder för minimalinvasiv provtag-
ning. Den ena är biopsi, där ett nålförsett biopsiinstrument används för att ta 
små vävnadskolvar. Den andra är finnålsaspiration, där finnålar (diameter om 
<1 mm) används för att suga ut (aspirera) celler. För att säkerställa korrekt 
provtagning används ofta bildgivande tekniker, såsom ultraljud eller datorto-
mografi (DT), som möjliggör samtidig avbildning av både tumören och nålen. 

Biopsiinstrumenten har vanligtvis ett handtag med en fjädermekanism som 
avfyrar en biopsinål in i den vävnad som skall undersökas. Avfyrningsmek-
anismen kan vara halv- eller helautomatisk. Handtaget kan vara av engångs- 
eller flergångstyp. De tillhörande biopsinålarna är dock alltid för engångsbruk 
och består av en spetsig innernål omgiven av en skärande ytterhylsa. Det finns 
två huvudtyper av biopsinålar. Med side-notch-nålar fångas vävnadsprovet 
och hålls på plats mellan ytterhylsan och en skåra i innernålen. Med full core-
nålar, fångas provet i ytterhylsan och fixeras vanligtvis med en liten klolik-
nande anordning i ytterhylsans ände. Mellan innernål och ytterhylsa finns ett 
minimalt utrymme på i storleksordningen 0.025 – 0.05 mm. 

Vanligt gråskaleultraljud (B-mode) är en metod med många användnings-
områden som bland annat används vid diagnostik av hjärtat och olika bukor-
gan. I vissa fall används även kontrastförstärkt ultraljud, för att exempelvis 
avgöra om en förändring i lever eller njure är elakartad (malign) eller godartad 
(benign), utan att behöva utföra en biopsi. Det ultraljudskontrastmedel som 
vanligtvis används i Sverige består av små gasbubblor, omslutna av ett skyd-
dande lipidskal. Det administreras normalt i små mängder intravenöst (direkt 
i blodet). Mikrobubblorna skapar ett annat slags ekon än den omgivande väv-
naden. Avbildningen sker i ett kontrastspecifikt läge där detta utnyttjas genom 
att signalerna från mikrobubblorna förstärks, medan signalerna från den om-
givande vävnaden undertrycks. Kontrastspecifika bilder framställs ofta paral-
lellt med en B-modebild (dual-mode). För att undvika att förstöra de tryck-
känsliga mikrobubblorna i kontrastmedlet används en lägre uteffekt på ult-
raljudsmaskinen (lågt mekaniskt index) vid framställningen av den parallella 
B-modebilden. Detta resulterar i sämre bildkvalitet jämfört med en "vanlig" 
B-modebild, där ett betydligt högre mekaniskt index används. 
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Ultraljudsledd biopsi av vävnadsförändringar sker vanligtvis i B-mode. I 
vissa fall kan dock biopsi i kontrastspecifikt läge vara värdefull. Detta gäller 
för 1) förändringar som framträder efter tillförsel av kontrastmedel men är 
svåra eller omöjliga att visualisera och därmed provta i B-mode, och 2) större 
förändringar med central vävnadsdöd (nekros). I det senare fallet ökar risken 
för att provtagningsmaterialet blir av undermålig kvalitet, vilket kan försvåra 
att ställa rätt diagnos. Ett problem vid ultraljudsvägledd provtagning är emel-
lertid att nålen inte alltid syns tydligt nog. Det gäller i vissa fall i B-mode, men 
framför allt i kontrastspecifikt läge. Att känna till nålens exakta position är 
samtidigt avgörande vid ultraljudsledda ingrepp såsom biopsier, både för att 
säkerställa att provtagningen anatomiskt utförs på avsedd plats och för att mi-
nimera risken att skada omgivande strukturer. Det är sedan tidigare känt att 
man kan fylla finnålar med ultraljudskontrastmedel för att se dem bättre i kon-
trastspecifikt avbildningsläge. 

Vid biopsi av förändringar i lungor, benvävnad eller djupt belägna struk-
turer kan ultraljud i regel inte användas på grund av fysikaliska begränsningar. 
I stället görs då ofta en DT-vägledd biopsi. Historiskt har i första hand helau-
tomatiska instrument av flergångstyp med side-notch-nålar använts, vilka ge-
nerellt ger gott vävnadsutbyte till en låg kostnad. Dessa instrument är emel-
lertid så tunga att avbildning med nålen på plats i patienten skulle kräva att 
operatören håller i dem. Det skulle både innebära oacceptabla stråldoser till 
operatörens hand och orsaka betydande metallartefakter. Vid biopsi nära kri-
tiska strukturer, som hjärtat eller stora kärl vid lungbiopsi, eller när man vill 
bekräfta en träff i målet bildmässigt, kan i stället halvautomatiska engångsin-
strument med nålar av side-notch-typ användas. Dessa är i regel tillräckligt 
lätta för att kunna avbildas i patientens kropp utan att operatören behöver hålla 
i instrumentet. En nackdel med dessa är dock att de generellt ger något sämre 
vävnadsutbyte. De är dessutom dyrare än helautomatiska flergångsinstrument. 

Om den patologiska analysen visar att biopsin inte har gett tillräckligt re-
presentativt vävnadsmaterial kan ingreppet behöva upprepas. Detta ökar ris-
ken för komplikationer, orsakar obehag för patienten och leder till ökad resur-
sanvändning. Ett sätt att öka chansen till representativa biopsier med tillräck-
lig vävnadsmängd har identifierats. Genom att kombinera det förbättrade väv-
nadsutbytet hos helautomatiska flergångsinstrument av side-notch-typ med 
bildmässig bekräftelse av biopsilokalisationen kan operatören justera nålens 
position och vinkel baserat på träffbilden. Vid behov kan även antalet biopsi-
försök utökas, utöver de vanligtvis två eller tre som utförs. Detta bör minska 
risken för att senare behöva upprepa hela proceduren. 

För att få bilder med hög precision vid diagnostiska DT-undersökningar 
tillförs ofta jodbaserade kontrastmedel i blodet. Deras funktion är att kraftigt 
försvaga (attenuera) röntgenstrålningen. När jodkontrastmedel finns i exem-
pelvis ett blodkärl eller ett bukorgan framträder det ljusare (högattenuerande) 
på DT-bilden. I kontrast till luft, som i lungorna, framträder medlet i stället 
mörkare (lågattenuerande). Jodkontrastmedel är inte tryckkänsligt. 
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Det övergripande syftet med avhandlingsprojektet har varit att: 

1. Förbättra nålsynligheten vid ultraljudsledda biopsier (delstudie I, III 
och IV) 

2. Bekräfta lokalisationen av vävnadsprovtagningen vid DT-vägledda 
biopsier med flergångsinstrument och biopsinål av side-notchtyp 
(delstudie II) 

För att uppnå dessa syften har två olika sorters kontrastmedel tillförts det mi-
nimala utrymmet mellan innernål och ytterhylsa i biopsinålar (delstudie I och 
III inkluderar även andra nålsorter). 

Delstudie I 
Målet med den första delstudien var att undersöka om synligheten vid ult-
raljudsledda punktioner kan förbättras för finnålar respektive biopsinålar ge-
nom att fylla dem med ultraljudskontrastmedel. Finnålarna fylldes genom att 
spola igenom dem med kontrastmedel. Biopsinålarna (avsedda för användning 
i flergångsinstrument av side-notch-typ) fylldes genom att först separera in-
nernålen från ytterhylsan. Därefter fylldes ytterhylsan med kontrastmedel och 
placerades i en kommersiellt tillgänglig ”nåldyna”. Innernålen sattes därefter 
tillbaka i ytterhylsan. 

Efter att nålarna fyllts utfördes punktioner med de två olika nålsorterna i 
två olika försök: Experiment 1 i nötköttslever från ett slakteri och Experi-
ment 2 i ett vattenbad. Avbildning och inspelning av videosekvenser skedde 
separat i ”vanligt” B-mode (högt mekaniskt index) och i kontrastspecifikt 
läge. Ofyllda nålar och koksaltfyllda nålar användes som kontroller. 

Inspelningarna från Experiment 1 granskades av fyra röntgenläkare med 
lång erfarenhet av ultraljud, som subjektivt skattade nålsynligheten på en nu-
merisk skala (0–10). Ingen förbättring av nålsynligheten påvisades för de kon-
trastmedelsfyllda finnålarna jämfört den mest relevanta kontrollen (ofyllda 
nålar), oavsett avbildningsläge. Däremot förbättrades synligheten för biopsin-
ålarna i kontrastspecifikt avbildningsläge, men inte i B-mode. 

I det insamlade videomaterialet från Experiment 2 beräknades kontrast-till-
brus-förhållandet (högre värde indikerar bättre nålsynlighet), för både nålför-
loppet i sin helhet och för nålspetsarna. Kontrastmedelsfyllnad av nålarna 
ökade kontrast-till-brus-förhållandet för båda nålsorterna, oavsett avbild-
ningsläge, när hela nålförloppet analyserades. För nålspetsarna ökade kon-
trast-till-brus-förhållandet i kontrastspecifikt avbildningsläge, men inte i 
B-mode. 

Sammanfattningsvis var resultaten varierande, men fyllnadsmetodens ef-
fekt på nålsynligheten var konsekvent positiv för biopsinålar i kontrastspeci-
fikt avbildningsläge. 
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Delstudie II 
Syftet med den andra delstudien var att undersöka om det vid DT-vägledda 
biopsier går att skapa synliga spår på platsen för vävnadsprovtagningen, ge-
nom att tillföra kontrastmedel i biopsinålen. Även nu användes biopsinålar 
avsedda för flergångsinstrument av side-notch-typ, men med den skillnaden 
att innernålen och ytterhylsan inte enkelt kunde separeras. Dessutom användes 
en ny fyllnadsmetod i form av en membranförsedd slang med en 1 mL-spruta. 
Utrymmet mellan innernålen och ytterhylsan fylldes genom att föra bi-
opsinålens spets genom membranet och sedan applicera ett tryck med sprutan.   

Efter att nålarna fyllts med kontrastmedel utfördes fantomförsök i blodpud-
ding, en produkt vars konsistens liknar den i solida tumörer. Två olika kon-
centrationer av jodkontrastmedel utvärderades; den lägsta respektive högsta 
tillgängliga på marknaden. DT-avbildning genomfördes både före och efter 
att biopsiinstrumentet avfyrats. Därefter utvärderades om ett ljust (högattenue-
rande) spår hade bildats på platsen där biopsin utförts. Utvärderingen bestod i 
en strukturerad gradering som genomfördes av fyra röntgenläkare, alla med 
lång erfarenhet av DT-vägledda ingrepp. 

Synligheten av spår för att fastställa biopsilokaliseringen bedömdes vara 
tillräcklig i samtliga observationer, både för den låga och höga koncentrat-
ionen av kontrastmedel. Den högre koncentrationen gav både bättre synlighet 
än den lägre och en högre andel observationer där biopsinålens förlopp kunde 
urskiljas. 

Sammanfattningsvis visade detta fantomförsök att platsen för vävnads-
provtagning effektivt kunde visualiseras i blodpudding genom att fylla bi-
opsinålarna med jodkontrastmedel, där en högre kontrastmedelskoncentration 
visade sig vara fördelaktig. 

Delstudie III 
I den första delstudien utvärderades en fyllnadsmetod för biopsinålar där in-
nernålen separerades från ytterhylsan, vilket gjorde proceduren något om-
ständlig. För att öka den kliniska användbarheten av nålfyllnad med ultraljud-
skontrastmedel identifierades behovet av att kunna fylla nålar där innernålen 
inte kan separeras från ytternålen. Dessutom behövdes en enklare fyllnadspro-
cedur. Eftersom ultraljudskontrastmedel är tryckkänsligt, till skillnad från 
jodkontrastmedel, bedömdes metoden med membran och tryck som användes 
i den andra delstudien som olämplig. Därför utvecklades nya fyllnadsmetoder 
som endast kräver en 1 mL-spruta. Dessa kan tillämpas på tre olika nålsorter: 
två typer av helautomatiska biopsiinstrument (ett flergångsinstrument av side-
notch-typ och ett engångsinstrument av full core-typ) där innernålen och yt-
terhylsan inte separeras, samt en metod för introducernålar, som ibland an-
vänds som komplement vid biopsiprocedurer. 
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Syftet med delstudien var att utvärdera om man med dessa tre nålfyllnadsme-
toder kunde öka nålsynligheten mot en kontrastförstärkt bakgrund i en fan-
tommodell. 

Efter att de tre olika nålsorterna fyllts med kontrastmedel utfördes försök i 
en fantommodell i form av ett vattenbad med små mängder ultraljudskontrast-
medel. Modellen var utformad för att efterlikna en lever där kontrastmedel 
tillförts via blodet. Ofyllda nålar användes som kontroller. Avbildning och in-
spelning av videosekvenser skedde i dual-mode (kontrastspecifikt avbild-
ningsläge och lågkvalitativt B-mode med lågt mekaniskt index). Utvärde-
ringen begränsades till det kontrastspecifika avbildningsläget och inriktade sig 
både på nålförloppet i sin helhet och nålspetsarna. Tre röntgenläkare med lång 
erfarenhet av ultraljud graderade den subjektiva nålsynligheten på ett struktu-
rerat sätt. För kontrastmedelsfyllda nålar bedömdes synligheten konsekvent 
som högre. Kontrast-till-brus-förhållandet beräknades också och visade en ök-
ning för kontrastmedelsfyllda nålar. Det enda undantaget var spetsarna på 
side-notch-biopsinålarna, där förhållandet var likvärdigt med kontrollerna. 

Sammanfattningsvis resulterade de förenklade fyllnadsmetoderna nästan 
utan undantag i förbättrad nålsynlighet i kontrastspecifikt bildläge i en fan-
tommodell. 

Delstudie IV 
Syftet med den fjärde delstudien var att utvärdera huruvida nålfyllnad med 
ultraljudskontrastmedel även ger ökad nålsynlighet i levande vävnad. Nålfyll-
nad tillämpades på helautomatiska biopsiinstrument av full core-typ, på 
samma sätt som i tredje delstudien. Punktioner utfördes på en djupt nedsövd 
gris, där ultraljudskontrastmedel administrerades till blodet i doser som mots-
varar de som används vid klinisk användning på människor. Ofyllda nålar an-
vändes som kontroller. Avbildning och inspelning skedde i dual-mode, med 
både kontrastspecifikt läge och lågkvalitativt B-mode med lågt mekaniskt in-
dex. Båda bildlägena utvärderades med fokus på både nålförloppet i sin helhet 
och nålspetsarna. Tre röntgenläkare med lång erfarenhet av ultraljudsledda bi-
opsier graderade den subjektiva nålsynligheten på ett strukturerat sätt. För 
kontrastmedelsfyllda nålar bedömdes synligheten konsekvent som högre i 
kontrastspecifikt läge, medan inga kliniskt relevanta skillnader observerades i 
B-mode. Kontrast-till-brus-förhållandet beräknades också och var för kon-
trastmedelsfyllda nålar högre för hela nålförloppet i kontrastspecifikt läge, 
men något lägre i B-mode. För nålspetsarna noterades ingen skillnad i något 
av bildlägena. 

Sammanfattningsvis förbättrade nålfyllnad med ultraljudskontrastmedel 
nålsynligheten i levande vävnad i kontrastspecifikt läge i merparten av de ut-
förda utvärderingarna, men var i B-mode likvärdig med eller något sämre än 
kontrollerna. 
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Slutsatser 
De metoder för att fylla biopsinålar med ultraljudskontrastmedel som har ut-
vecklats och utvärderats har med få undantag förbättrat nålsynligheten i kon-
trastspecifikt läge. Detta stödjer användningen av dessa metoder i utvalda kli-
niska fall av biopsier som utförs med ultraljudsvägledning i kontrastspecifikt 
läge och där nålsynligheten bedöms som otillräcklig. I B-mode har däremot 
resultaten varit blandade, vilket gör metodernas kliniska nytta i detta avbild-
ningsläge tveksam. 

Att tillämpa nålfyllnad med jodkontrastmedel på flergångsinstrument av 
side-notch-typ har i ett fantomförsök möjliggjort visualisering och bekräftelse 
av biopsilokalisationen vid DT-vägledda biopsier. Hur metoden fungerar i le-
vande vävnad har dock inte studerats. Nyare helautomatiska biopsiinstrument 
av full core-typ, som är tillräckligt lätta för att kunna avbildas i patientens 
kropp utan att operatören behöver hålla i instrumentet, erbjuder idag en en-
klare lösning på samma problem. Detta sker troligen med lika bra vävnadsut-
byte som för flergångsinstrument av side-notch-typ. Därför bedöms metodens 
kliniska potential inte längre vara lika stor som tidigare. 
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Supplementary material 

Protocol for anesthesia, preparation and termination of 
the experimental animal in Paper IV 

Anesthesia and preparations: 
• Induction into general anesthesia by injection of xylazine (Rompun®, 

Bayer A/S, Denmark) and tiletamin/zolzepam (Zoletil 100®, Virbac 
S.A., France) subcutaneously 

• Placement of the animal in a supine position 
• Establishment of venous access 
• Maintenance of anesthesia by a single dose of 20 mg morphine 

(Pfizer, Sollentuna, Sweden) and 100 mg ketamine hydrochloride 
(Pfizer), followed by intravenous infusion of ketamine at a rate of 30 
mg/kg/h (Ketaminol vet, Intervet AB, Sweden), along with fentanyl 
(Fentanyl, B Braun Medical AB, Sweden) at a rate of 0.04 mg/kg/h, 
and midazolam (Midazolam Hameln, AlgolPharma AB, Sweden) at a 
rate of 0.1 mg/kg/h 

• Obtaining muscle blockade through intravenous administration of 
rocuronium (Esmeron, MSD AB, Sweden) at a rate of 2.5 mg/kg/h 

• Ventilation through a surgically induced tracheostomy 
• Insertion of a central venous catheter into the right internal jugular 

vein 
• Catheterization of the urinary bladder 

Termination: 
• After the experiment, euthanasia was performed with intravenous ad-

ministration of 100 mmol KCl 
• Death was confirmed by verifying the cessation of cardiac activity 

(straight ECG curve) and the absence of variations on the blood pres-
sure curve 
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