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Abstract 
 

   Speckle is an inherent property of ultrasound imaging, arising from the interference of 

backscattered acoustic waves caused by tissue heterogeneities. Although speckle can be 

advantageous for obtaining information, such as dynamic features like blood flow, it concurrently 

degrades the resolution and contrast of static structures, blurring the boundaries and therefore 

making it more challenging to differentiate between the various layers of tissues. This 

degradation impedes the interpretation of tissue morphology, more significantly, the fine 

structures, which adversely affecting the diagnostic procedures. While several methods have 

been proposed to mitigate speckle noise, compounding techniques emerge as a preferable 

solution due to their potential to enhance image quality by revealing obscured structures hidden 

beneath speckle noise, which is not possible in image processing techniques as they rely only on 

the data in one image. Compounding methods enhance image quality by acquiring and averaging 

sequential images from the same field of view (FOV) with varied spatial or frequency content, a 

process that often increases the size and complexity of the imaging setup and compromises 

spatial or temporal resolution. This limitation hinders the practical application of these 

techniques in clinical settings. The aim of this thesis is to present an attempt to overcome this 

challenge.  

   The first part provides an overview of existing despeckling methods and their associated 

challenges, which leads to identify elevational angular compounding (EAC) as a promising 

solution. EAC is a type of spatial compounding that can simultaneously offer high speckle noise 

reduction and good temporal resolution. However, current EAC implementations rely on 



4 
 

mechanically rotating a one-dimensional (1D) transducer array or electronically beam steering of 

two-dimensional (2D) arrays to provide different elevational imaging angles, which increases the 

size and cost of the systems. This lays the foundation for our focused exploration of EAC in this 

study.  

   In second part, a new refraction-based elevational angular compounding technique (REACT), 

using an acoustic refractive element is demonstrated. With REACT, clinical feasibility is increased 

by providing elevational angular compounding to low-cost 1D detector arrays without requiring 

bulky mechanical adjustments or expensive 2D arrays. The technique achieves up to a two-fold 

improvement in both signal- and contrast-to-noise ratios on phantoms and excised tissue 

samples, highlighting its efficacy in enhancing image quality. Additionally, the impact of 

elevational angular width on speckle reduction and image fidelity is also explored. 

   Lastly, the application of REACT is extended to radial Endoscopic Ultrasonography (EUS), a real-

time diagnostic and therapeutic tool for gastrointestinal disorders. The proposed radial 

implementation of REACT in EUS introduces the first spatial compounding method in a radial 

endoscopy. Experimental results on cylindrical layered phantoms reveal a two-fold improvement 

in signal- and contrast-to-noise ratios, emphasizing the potential of REACT to enhance image 

quality in clinical EUS. 

   REACT offers a compact, low-cost solution for spatial compounding in both linear and radial 

ultrasound applications. Its ability to enhance speckle noise reduction while preserving image 

fidelity without compromising spatial and temporal resolution holds a promise for advancing 

current ultrasound imaging techniques using compounding methods, leading to more accurate 

diagnoses in medical field.  
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Zusammenfassung 
 

   Speckle ist eine inhärente Eigenschaft der Ultraschallbildgebung, die durch die Interferenz von 

rückgestreuten akustischen Wellen aufgrund von Gewebeheterogenitäten entsteht. Obwohl 

Speckle-Rauschen für die Gewinnung von Informationen, z. B. dynamischen Merkmalen wie dem 

Blutfluss, von Vorteil sein kann, verschlechtert es gleichzeitig die Auflösung und den Kontrast 

statischer Strukturen, verwischt die Grenzen und erschwert somit die Unterscheidung zwischen 

den verschiedenen Gewebeschichten. Diese Verschlechterung erschwert die Interpretation der 

Gewebemorphologie, insbesondere der feinen Strukturen, was sich nachteilig auf die 

Diagnoseverfahren auswirkt. Es wurden zwar mehrere Methoden zur Verringerung des Speckle-

Rauschens vorgeschlagen, aber Compounding-Techniken sind aufgrund ihres Potenzials, die 

Bildqualität zu verbessern, indem sie unter dem Speckle-Rauschen verborgene Strukturen 

aufdecken, eine Lösung, die bei Bildverarbeitungstechniken nicht möglich ist, da sie nur auf den 

Daten eines Bildes basieren. Compounding-Methoden verbessern die Bildqualität, indem sie 

aufeinanderfolgende Bilder desselben Sichtfeldes (FOV) mit unterschiedlichem räumlichem oder 

frequenzmäßigem Inhalt aufnehmen und mitteln, ein Prozess, der häufig die Größe und 

Komplexität des Bildaufbaus erhöht und die räumliche oder zeitliche Auflösung beeinträchtigt. 

Diese Einschränkung behindert die praktische Anwendung dieser Techniken im klinischen Umfeld. 

Ziel dieser Arbeit ist es, einen Versuch zur Überwindung dieser Herausforderung zu präsentieren. 

   Der erste Teil bietet einen Überblick über die bestehenden Despeckling-Methoden und die 

damit verbundenen Herausforderungen, was dazu führt, dass Elevational Angular Compounding 

(EAC) als eine vielversprechende Lösung identifiziert wird. EAC ist eine Art von räumlichem 
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Compounding, das gleichzeitig eine hohe Reduzierung des Speckle-Rauschens und eine gute 

zeitliche Auflösung bietet. Derzeitige EAC-Implementierungen beruhen jedoch auf der 

mechanischen Drehung eines eindimensionalen (1D) Wandlerarrays oder der elektronischen 

Strahlsteuerung von zweidimensionalen (2D) Arrays, um verschiedene 

Elevationsabbildungswinkel zu erzielen, was die Größe und Kosten der Systeme erhöht. Dies 

bildet die Grundlage für unsere gezielte Erforschung der EAC in dieser Studie. 

   Im zweiten Teil wird eine neue, auf Refraktion basierende Elevational Angular Compounding 

Technik (REACT) vorgestellt, die ein akustisches refraktives Element verwendet. Mit REACT wird 

die klinische Durchführbarkeit erhöht, da die Elevationswinkelkompoundierung für 

kostengünstige 1D-Detektorarrays ohne sperrige mechanische Anpassungen oder teure 2D-

Arrays möglich ist. Die Technik erzielt eine bis zu zweifacher Verbesserung des Signal- und 

Kontrast-Rausch-Verhältnisses an Phantomen und exzidierten Gewebeproben, was ihre 

Wirksamkeit bei der Verbesserung der Bildqualität unterstreicht. Darüber hinaus wird auch der 

Einfluss der Elevationswinkel auf die Speckle-Reduktion und die Bildtreue untersucht. 

   Schließlich wird die Anwendung von REACT auf die radiale endoskopische 

Ultraschalluntersuchung (EUS) ausgeweitet, ein Echtzeit-Diagnose- und Therapieinstrument für 

Magen-Darm-Erkrankungen. Die vorgeschlagene radiale Implementierung von REACT in EUS 

führt die erste räumliche Compounding-Methode in einer radialen Endoskopie ein. 

Experimentelle Ergebnisse an zylindrischen Schichtphantomen zeigen eine zweifache 

Verbesserung des Signal und Kontrast-Rausch-Verhältnisses und unterstreichen das Potenzial 

von REACT zur Verbesserung der Bildqualität in der klinischen EUS. 

    REACT bietet eine kompakte, kostengünstige Lösung für räumliches Compounding bei linearen 

und radialen Ultraschallanwendungen. Seine Fähigkeit, das Speckle-Rauschen zu reduzieren und 

gleichzeitig die Bildtreue zu erhalten, ohne die räumliche und zeitliche Auflösung zu 

beeinträchtigen, verspricht eine Verbesserung der derzeitigen Ultraschall-Bildgebungstechniken 

mit Compounding-Methoden, was zu genaueren Diagnosen im medizinischen Bereich führen 

wird. 
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Chapter 1 
 

1 Methods for speckle reduction in 
ultrasound imaging – An overview  
 

1.1 Ultrasound imaging and speckle noise 
 

  Ultrasound (US) technology was first used in medical during World War II in various parts of the 

world. The first published research in medical ultrasonics was conducted in Austria in 1942 to 

investigate the use of US to study the brain. While researchers in the United States, Japan, and 

Europe were recognized in the mid-1950s for their significant contribution in making 

ultrasonography feasible [1-9]. This development paved the way for the widespread use of 

ultrasonography in medical practices in the next decades. 
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In the realm of the modern healthcare, biomedical imaging plays a crucial role, and US imaging 

due to its non-invasive nature and real-time capabilities standing out as an indispensable 

diagnostic and therapeutic tool [1-5]. However, the utility of US imaging is frequently hindered 

by the persistent issue of speckle noise, which substantially degrades image quality and impedes 

accurate medical diagnoses. This is an inherent problem arising from the random scattering effect, 

which is particularly prevalent when the dimensions of tissue structures are closely aligned with 

the employing US frequencies [6-9]. 

Speckle noise is characterized by the presence of bright and dark granular pattern on US 

images, which is due to the interference of backscattered ultrasonic waves. The speckle noise 

causes substantial degradation of image quality and spatial resolution and therefore poses a 

significant obstacle to achieving diagnostic clarity for medical practitioners by obscuring crucial 

image features essential for medical diagnosis [10-16]. Consequently, there is an imperative need 

to identify an effective denoising methodology tailored for medical US imaging.  

 

1.1.1 Principles of ultrasound imaging  
 

   US imaging, commonly known as ultrasonography, is a non-invasive medical imaging 

technology that uses high-frequency sound waves to provide real-time images of the body's 

internal structures [3-9]. Unlike other imaging modalities, such as X-ray or computed tomography 

(CT), US is non-ionizing and non-invasive, making it safe for repeated use without exposing 

patients to harmful radiation. Aside from safety, adaptability, the ability to deliver real-time 

imaging and extensive anatomical insights also contribute to the prominence of US imaging in 

the field of modern medicine for diagnostic and therapeutic purposes [1-12]. 

  US, characterized by a frequency surpassing 20 kHz, manifests as a propagating continuous 

pressure wave, serving as a carrier of energy. Defined by parameters such as pressure density, 

propagation direction, and particle displacement, ultrasound exhibits longitudinal characteristics, 

signifying a compression wave [6-9, 16]. The interaction of ultrasound waves with tissue adheres 

to the principles of geometrical optics, encompassing phenomena like reflection, refraction, 
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scattering, diffraction, interference, and absorption. Notably, all interactions, except for 

interference, contribute to the attenuation of ultrasound beam intensity [4-9, 16]. 

  The core concept of US imaging is sound wave propagation. Its core physics principles involve 

the generation of high-frequency sound waves using piezoelectric crystals within a transducer, 

the transmission and interaction with tissues, and the subsequent reflecting echoes back to the 

same transducer [1-9, 16]. The echoes are subsequently converted by the transducer into 

electrical impulses, which are further processed to form visual images. The recorded signals can 

then be reconstructed as 2D or 3D images with the image contrast given by varying acoustic 

impedances in tissue. 

   US imaging is characterized by modest resolution, presenting limitations in applications such as 

visualizing tissue-bone interfaces [16]. Despite this constraint, ultrasound excels in imaging 

depths within the centimeter range, offering distinct advantages such as real-time imaging 

capabilities and non-invasive interactions with living tissue [5-9]. Another advantage of medical 

US imaging comes with the simplicity of US imaging systems, ultimately allowing high portability 

and low operating costs.  

However, despite its numerous advantages, US imaging is not without its challenges. One of 

the primary limitations is the presence of speckle noise in US images, which can degrade image 

quality and spatial resolution and therefore hinder accurate diagnosis [9-16]. Traditional 

methods of addressing speckle noise are limited in their ability to enhance image quality without 

compromising other aspects of the imaging process. This work focuses on investigating the 

current methods for speckle reduction, their specific challenges, aiming to enhance the efficiency 

and reliability of US imaging in biomedical applications with proposing the new despekcling 

approach which can overcome the current challenges. 

1.1.2 Physical properties and the pattern of the speckle noise 
 

   The existence of speckle noise in US images has been observed since the early 1970s, with 

researchers like Burckhardt, Wagner, and Goodman [11-16] delving into the fundamentals and 

statistical properties of speckle noise. It's worth noting that in some algorithms, speckle features 
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are intentionally utilized, and speckle is not considered merely as noise. The term "noise" in this 

context is used due to the visual observation that speckle might obscure the detection of edges 

and important object borders in both visual and automated analyses. As it can be seen in Figure 

1. 1, the intricate relationship between constructive and destructive phasors in the context of 

speckle contributes to the variability of bright and dark spots observed in the images [9-16]. 

 

Figure 1. 1 Speckle formation. Speckle is distinguished by the presence of bright and dark granular 
patterns on acquired images, which result from the interference of backscattered in phase 
and out of phase of coherent waves from a coherence source. In medical imaging, the 
formation of speckle patterns originates from the intricate interaction of constructive and 
destructive interferences among backscattered echoes from scattering surface (laser 
speckle) or scatterers substantially smaller than the wavelength of the ultrasonic wave inside 
the tissue (US speckle).  

 

   In fact, its texture often holds valuable information about the viewed image, challenging the 

conventional notion of speckle as purely disruptive noise [12-17]. To illustrate, the utilization of 

speckle tracking in ultrasound imaging enables the evaluation of tissue motion and deformation 

by monitoring interference patterns across consecutive video frames [17]. This innovative 

technique has primarily been developed and implemented for assessing the mechanical 

properties of the myocardium. Additionally, there is a growing interest in speckle tracking for 

evaluating carotid arterial strain in recent years [16, 17]. 
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   However, speckle is a type of locally correlated multiplicative noise which poses a challenge in 

the context of medical US imaging [8-17]. The speckle pattern, that is visible as the typical light 

and dark spots the image is composed of results from destructive interference of US waves 

scattered from different sites. The nature of speckle has been a major subject of investigation. 

When a fixed, rigid object is scanned twice under the same conditions, one obtains identical 

speckle pattern [10-17]. Although of random appearance, speckle is not random in the same 

sense as electrical noise. However, if the same object is scanned under slightly different 

conditions, say with a different transducer aperture, pulse length or transducer angulation, the 

speckle pattern change [11-14, 17]. 

   The most popular model adopted in the literature to explain the effect that occur when a tissue 

is isonated, a tissue may be modeled as a sound absorbing medium containing scatterers, which 

scatter the sound waves. These scatterers arise from inhomogeneities and structures 

approximately equal to or smaller in size that the wavelength of the US, such as parenchyma, 

where there are changes in acoustic impedance over a microscopic level within the tissue [10-

17]. Tissue particles that area relatively small in relation to the wavelength, (blood cells), and 

particles with differing impedance that lie very close to one another, cause scattering or speckling. 

Absorption of the US tissue is an additional factor to scattering and refraction, responsible for 

pulse energy loss. The process of energy loss involving absorption, reflection, scattering is 

referred to as attenuation, which increases with depth and frequency. Because higher frequency 

of US, results into increased absorption, the consequence is a decrease of the depth of 

visualization [16-17]. 

   In the realm of medical US imaging, the emergence of speckle patterns arises from the intricate 

interplay of constructive and destructive interferences among backscattered echoes from 

scatterers significantly smaller than the ultrasound wave's wavelength [6-20]. The occurrence of 

random scattering is rooted in the similarity between the scales of human tissue structures and 

ultrasonic wavelengths [10-17].  
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Speckle Noise Modeling 

   Goodman presents a theory for the origin of speckle [11], explaining the cause of speckle 

through a mathematical model. He describes speckle as a sum of many complex phasors, 

resembling a complex random walk [11, 16]. These phasors can either add up constructively or 

cancel each other out destructively. Consequently, we observe both bright and dark points 

closely packed together.  

  Notably, speckle exhibits a multiplicative nature [10-16]. The image encompassing speckle, 

denoted as 𝑟(𝑥, 𝑦) , can be expressed as a combination of a noise-free image ℎ(𝑥, 𝑦) , 

multiplicative noise 𝑛𝑚(𝑥, 𝑦), and additive noise 𝑛𝑎(𝑥, 𝑦)  according to [11, 16]: 

                          𝑟(𝑥, 𝑦) = ℎ(𝑥, 𝑦) ⋅ 𝑛𝑚(𝑥, 𝑦) + 𝑛𝑎(𝑥, 𝑦)                                        (1. 1) 

Considering that the additive noise, such as thermal and electronic noises, is negligible in 

comparison to the multiplicative speckle noise, Equation (1. 1) can be simplified to [11, 16]: 

                                                            𝑟(𝑥, 𝑦) = ℎ(𝑥, 𝑦) ⋅ 𝑛𝑤(𝑥, 𝑦)                                                     (1. 2) 

To facilitate further analysis, the multiplicative speckle noise is transformed into additive noise 

through the logarithm transform. Consequently, Equation (1. 2) can be reformulated as [16]: 

 

                                                 log 𝑟(𝑥, 𝑦) = 𝑙𝑜𝑔 ℎ(𝑥, 𝑦) + 𝑙𝑜𝑔 𝑛𝑚(𝑥, 𝑦)                                        (1. 3) 

 

Given the plethora of proposed techniques for reducing additive noise, representing speckle as 

additive noise, as in Equation (1. 3), provides a more effective avenue for its suppression. This 

mathematical framework forms the basis for the reported explorations in enhancing the quality 

of medical ultrasound images by mitigating the impact of speckle noise [11-16]. 
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1.2 Despeckling in ultrasound imaging  
 

   Noise and artifacts in medical imaging lead to the degradation of signals or images, with distinct 

types of deterioration observed in different imaging modalities. Image degradation can have a 

significant impact on image quality and thus affect human interpretation and the accuracy of 

computer-assisted methods [2-16]. Poor image quality often makes feature extraction analysis, 

recognition, and quantitative measurements problematic and unreliable. Images formed with 

coherent energy, such as ultrasound, suffer from speckle noise [10-17]. Speckle is most often 

considered a dominant source of noise and limiting contrast resolution in diagnostic US imaging 

and should filtered out without affecting important features of the image. Speckle restricts the 

detectability of small, low contrast lesions and makes US images difficult for non-specialists to 

interpret. Numerous studies have demonstrated that the presence of speckle noise in the image 

reduces lesion detectability by around a factor of eight [16]. This drastic drop in contrast 

resolution is responsible for ultrasound's lower effective resolution when compared to X-ray and 

MRI [2-5, 16]. Therefore, despeckling is a very important procedure, which motivated a significant 

number of studies for speckle reduction in US medical imaging.  

   Here, a study is conducted on the two main despeckling techniques utilized in US imaging—

image processing and compounding methods—with a specific emphasis on the underlying 

principles of each technique. 

 

1.2.1 Image processing techniques 
 

  The efficacy of speckle reduction using image processing techniques is crucial for medical 

imaging because it must not only eliminate speckle noise but also should maintain the edges and 

critical features required for accurate diagnosis [16, 23-25]. The preservation of boundaries 

between large-scale organs, and the detailed structures such as small blood vessels or lesions 

with comparable dimensions to the average speckle size is essential for the accurate detection 

of abnormalities [6-25]. 
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  Speckle is interestingly characterized by a tendency to multiply or interact with the underlying 

structure of an image. This means that when we observe speckle in images, its impact isn't just 

additive but involves a multiplication effect [16, 18-22], making it distinct in how it influences the 

overall appearance. Therefore, the major of proposed image processing techniques for mitigating 

speckle in US images commonly employ multiplicative noise filtering [16, 18-22]. Nevertheless, 

the efficacy of these methods is somewhat limited, primarily due to the simplistic nature of the 

multiplicative noise model utilized to depict speckle [13-22].  

   Moreover, since image processing techniques rely on the information present in a single image, 

they face limitations in uncovering data concealed beneath speckle noise [16, 19-25]. While 

smoothing the image can be advantageous and would be easier with these methods, their 

inability to recover obscured data poses a challenge, particularly in the context of early and 

accurate diagnosis, especially for small lesions [20-25]. 

   Considering the aforementioned challenges, image processing methods may not be the optimal 

speckle reduction method to retrieve the lost data due to speckle noise. To develop more 

effective speckle reduction techniques, it is crucial to fully understand speckle and consider its 

spatial correlation properties. 

1.2.2 Compounding methods 
 

   Image processing methods have been suggested to mitigate speckle; however, their 

effectiveness is limited due to their suboptimal preserving edges and boundaries and retrieving 

the obscured data by speckle noise [16, 23-28].  

   However, compounding techniques, such as spatial and frequency compounding, offer 

effective solutions for mitigating speckle in imaging by acquiring multiple images with diverse 

speckle patterns by altering either the imaging frequency (frequency compounding) or the angle 

of incidence (angular compounding) [16, 26-28]. It is notable that image averaging is frequently 

referred to as compounding, and spatial compounding is used interchangeably with angular 

compounding [23-28]. These methods employ incoherent averaging approaches, introducing 

incoherence into the image generation process. The key advantage lies in reducing speckle 
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variations while retaining intrinsic intensity contrast. This technique results in smaller speckle 

fluctuations, enhancing contrast resolution. The reduction in speckle noise can be substantial, up 

to a factor of √𝑁, where N represents the number of uncorrelated images captured at different 

frequencies or angles [16, 26-28]. It's essential to highlight that, despite these benefits, 

compounding techniques usually entail a trade-off, leading to a reduction in spatial resolution 

[16, 23-25]. 

  Mathematically, if Ii (x,y) represents the intensity of pixel (x,y) in the i-th acquired image, 

compounding involves forming the compounded image C(x,y) as follows [16]: 

                                                               C(x,y)= 
1

𝑁
∑ 𝐼𝑖(𝑥, 𝑦) 

𝑁

𝑖=1
                                             (1. 4) 

   where N is the total number of sequentially acquired images. This averaging process capitalizes 

on the statistical independence of speckle patterns across different images, effectively 

attenuating the random noise component [16, 23-28]. In contrast, traditional image processing 

techniques often struggle to differentiate between noise and true structural information in a 

single image, leading to suboptimal results. 

   Moreover, compounding methods address the inherent variability of speckle patterns by 

providing a multisource perspective, enhancing the likelihood of capturing the real underlying 

structure. This is especially important when complex anatomical characteristics or fine details are 

present but obscured by speckle noise in individual frames. 

 

1.2.3 Advantage of compounding methods over image processing techniques  

   The reduction of speckle noise in medical ultrasound imaging is a crucial pursuit for achieving 

optimal diagnostic clarity. In the context of this thesis, compounding approaches are preferred 

over typical image processing techniques as they offer a more robust and statistically validated 

approach to speckle elimination. Image processing algorithms, typically applied to individual 

frames, encounter challenges in distinguishing between true structural information and speckle 

noise due to their reliance on a single data source. In contrast, compounding methods excel by 
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exploiting the stochastic nature of speckle noise through the acquisition and averaging of 

multiple images [16, 18-28].  

   In conclusion, the compounding methods exploits the statistical independence of speckle 

patterns in different images, resulting in a more substantial reduction in speckle artifacts while 

preserving structural details. This not only elevates the interpretability of images but also 

contributes significantly to the precision of diagnoses in clinical contexts. That is why, in this 

thesis, we focused on compounding techniques rather than typical image processing.  As we 

progress, we'll look into numerous proposed compounding methods to identify the most 

promising to focus and broaden its applicability in different medial contexts. 

 

1.3 Different compounding methods for US despeckling  
 

   The compounding methods work by acquiring images of the same target volume in the same 

imaging plane, yet under various imaging conditions to create uncorrelated speckle patterns [26, 

28]. Introducing decorrelation among acquired images can be achieved by imaging at distinct 

spatial locations, altering frequency ranges, or varying strain conditions [16, 23-28]. 

1.3.1 Frequency compounding 
 

   Frequency compounding aims to reduce speckle by compounding uncorrelated sub-images 

obtained by varying the center frequency during transmission or dividing the spectrum of 

radiofrequency (RF) signals into sub-bands during reception. Next, the sub-band images are 

added or averaged, with or without weighting variables used, to create the compounded image 

[29-40]. Speckle correlation across images is mostly dependent on center frequency variance, 

which is adjusted by a -6 dB pulse-envelope length of the sub-band signals [16]. Thus, when the 

sub-band bandwidths decrease, speckles show less correlation. But axial resolution must 

inevitably be compromised as a result of this narrowing.  

   Therefore, while this technique effectively reduces speckle, challenges like reduced temporal 

resolution and potential axial resolution deterioration persist.  
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1.3.2 Strain compounding 
 

   Strain compounding utilizes the inherent decorrelation between signals corresponding to 

different strain states. The external forces, utilized in techniques like sonoelastography, 

introduce three-dimensional tissue motion, enabling the creation of diverse strain states [41]. 

Noteworthy is the emphasis on selectively correcting in-plane motion (axial and lateral), leading 

to images with similar characteristics, aside from variations in speckle appearance attributed to 

uncorrected out-of-plane (elevational) motion [41]. Furthermore, an additional layer of speckle 

decorrelation is introduced through the correction of tissue motion, arising from dynamic 

changes in effective in-plane sample volume geometry. 

   Strain compounding differs fundamentally from previous proposed compounding methods in 

that signal decorrelation is predominantly caused by scatterer redistribution and changes in 

sample volume shape in the context of introducing external forces [41]. In contrast, in other 

compounding approaches the scatterer distribution is constant, and signal decorrelation results 

from phase shifts caused by changes in aperture position, elevational imaging plane, or imaging 

frequency [23-28]. Moreover, the drop in spatial resolution observed in other compounding 

approaches is due to underutilization of the whole aperture and/or bandwidth. In contrast, for 

strain compounding, spatial resolution deterioration is predominantly caused by tissue motion 

and subsequent motion correction [41]. However, due to the need for employing different strain 

condition needed for various image acquisition, temporal resolution degradation is unavoidable. 

   Strain compounding raises different challenges, such as the necessity for higher strain levels. 

This may limit therapeutic applications to deep-seated tissues that require significant 

compression for providing uncorrelated speckle patterns in different taken images [41]. Besides, 

tissue motion can lead a small object in the original image to move out of the image plane after 

compression. Consequently, maintaining contrast resolution poses an additional challenge in this 

compounding method compared to alternative techniques [41]. 
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1.3.3 Spatial compounding 

   Spatial compounding, an alternative approach, reduces speckle by compounding sub-images 

acquired at different beam orientations or positions [42-49]. While this method results in a 

compromise on lateral and temporal resolutions, by given an identified loss of lateral resolution, 

the spatial compounding approach has a greater speckle reduction rate than the frequency 

compounding approach, making it more advantageous when considering spatial resolution [16, 

42-49]. 

Despite the advantage in spatial resolution, spatial compounding suffers from a significant 

drawback: a loss of temporal resolution. This limitation makes it less suitable for imaging moving 

tissues, such as in cardiac imaging [16, 45-49]. The challenge is particularly pronounced in high-

frequency US imaging, where the majority of scanners utilize single-element transducers. This is 

attributed to the fact that spatial compounding necessitates mechanical translation of the 

transducer multiple times to acquire uncorrelated speckle patterns for different ultrasound 

propagation directions [16, 42-49]. 

   Despite its challenge, spatial compounding remains valuable, particularly in scenarios requiring 

a cleaner ultrasound image with well-defined boundaries. Spatial compounding methods exhibit 

versatility based on the viewing angle, manifesting as either azimuthal angular compounding or 

elevational angular compounding. The distinction lies in how the compounding is applied 

concerning the angular orientation during image acquisition. 

1.3.3.1     Azimuthal angular compounding 

   Azimuthal angular compounding involves compounding images obtained from different 

azimuthal angles, typically achieved by steering the ultrasound beam laterally. By combining 

information acquired from various azimuthal perspectives, this approach enhances lateral 

resolution and reduces artifacts in the azimuthal direction [50, 51]. 

   Azimuthal angular compounding, while beneficial in certain aspects, is not without its 

limitations. One notable drawback is the constrained spatial overlap of images acquired from 
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multiple transmission angles [16, 45-51]. This limitation arises from the lateral steering of the 

ultrasound beam, leading to areas in the imaged anatomy that may not be covered by all acquired 

perspectives. Consequently, the spatial continuity and comprehensive coverage of the imaged 

region may be compromised [49-54] . 

   Additionally, the implementation of azimuthal angular compounding often necessitates 

extensive pre-processing for image alignment. Aligning images from different azimuthal angles 

requires careful registration to ensure accurate spatial correlation [50-52]. This pre-processing 

step not only introduces computational complexity but can also result in reduced frame rates 

during real-time imaging. The additional processing time required for alignment may impact the 

ability to achieve optimal temporal resolution, particularly in dynamic imaging scenarios. 

 

1.3.3.2   Elevational angular compounding 

  Elevational angular compounding (EAC) captures partially correlated images by incrementally 

steering the elevational imaging plane through small angular steps [52-55]. Unlike azimuthal 

angular compounding, where scatterer distribution remains fixed, EAC leverages changes in 

sample volume geometry and scatterer redistribution during different elevational steps. This 

results in a dynamic acquisition of images that collectively contribute to a compounded 

representation with enhanced image quality. To elaborate, EAC's effectiveness arises from its 

ability to exploit the inherent decorrelation between signals acquired from slightly varied 

elevational perspectives.  

   The distinctive feature of EAC lies in its capacity to combine two key factors in medical imaging: 

mitigating speckle noise, which is inherent in ultrasound imaging, and preserving temporal 

resolution [6-16, 50-55]. By steering the elevational imaging plane with precision, EAC strikes a 

balance between noise reduction and temporal fidelity, making it a desirable choice for 

applications in medical diagnostics where both aspects are crucial for accurate interpretation and 

diagnosis. 
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  However, the implementation of elevational angular compounding becomes feasible when 

either a two-dimensional array is available or laterally rotating a one-dimensional array is 

possible [52-55]. This method allows for the collection and incoherently averaging of partially 

correlated measurements taken from various elevational viewing angles. EAC involves acquiring 

partially correlated measurements by steering the image plane elevationally with slight 

inclinations. The result is an effective increase in elevational slice thickness, without directly 

impacting the in-plane (i.e., lateral and axial) resolution [52, 53]. This technique offers a practical 

means of optimizing spatial compounding, utilizing the array's two-dimensional capabilities to 

enhance elevational information without compromising lateral and axial clarity [52-55].  

   In EAC contrast resolution is improved only at the price of a slightly wide elevational beam. 

Simulations have been performed to show both the change in spatial resolution and the 

improvement in contrast resolution [52]. Results indicated minimal increase in the correlation 

length both laterally and axially. It was also shown that detectability can be significantly enhanced 

by increasing the number of measurements or increasing the differential inclination between 

measurements. This technique is therefore effective for reducing speckle noise while maintaining 

in-plane spatial resolution.  

   In the realm of medical imaging, despite the anticipated integration of this speckle reduction 

approach due to its potential to offer both high spatial and temporal resolution—which are the 

key factors in medical imaging and diagnostics—its application in clinical settings has not yet 

realized the expected traction [50-55]. In the following chapters, we will delve into this speckle 

reduction method in US imaging, shedding light on its advantages compared to other 

compounding techniques. Our research aims to reveal new insights and address the challenges 

associated with the implementation of this approach in medical context. The goal is to pave the 

way for its widespread use in medical imaging, ensuring that its benefits can be fully harnessed 

for improved diagnostic outcomes. 
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1.4 Thesis objectives  
 

   The motivation to preform research on new approaches for ultrasound despeckling came from 

the studies in section 1.3, where the limitations of present compounding methods for ultrasonic 

applications became apparent. Following these insights, the aim of the research presented in this 

thesis was to investigate both the theoretical and experimental applicability 

of a new implementation approach for elevational angular compounding for speckle reduction. 

The aim is to simultaneously maintain high speckle reduction efficiency and spatial resolution in 

real-time ultrasound imaging. The primary objective is to improve the utility of ultrasound, 

extending its applicability for diverse early diagnostic purposes. In other words, the ongoing 

efforts for the techniques and methods in speckle reduction for ultrasound imaging, contributing 

to maximize the potential of this promising imaging modality in the field of biomedical imaging. 

The main objectives of this thesis are as follows: 

  1.  Analysis and comprehensive review of the current research and the state of the art regarding 

techniques employed for speckle reduction in US imaging  

2. Develop a new approach for implementation of the elevational angular compounding method 

to enhance its efficacy and feasibility in despeckling of US imaging in clinical context 

3. Extend the application of the proposed despeckling method to radial US endoscopy, marking 

the first implementation of spatial compounding in this imaging setting. 

 

1.5   Thesis outline 
 

   Aligned with the research objectives and motivation for this study, the dissertation is structured 

into four chapters in the following manner: 
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   Chapter 1 have already covered the theoretical foundations of compounding methods, in 

particular the underlying concept which highlight it as a preferred approach compared to image 

processing techniques in retrieving the data obscured by the speckle noise. Following an in-depth 

review of the existing compounding methods, we were inspired to delve deeper into the 

elevational angular compounding. This technique shows great promise for clinical applications, 

offering effective speckle reduction while maintaining temporal and spatial resolution.  However, 

there are challenges behind its adoption in clinical settings, despite its possibly greater overall 

efficiency over to other compounding methods. The aim of this research is to propose a new 

implementation approach that could broaden applicability of the elevational angular 

compounding in clinical context by addressing the current challenges. 

  Chapter 2 introduces a novel implementation approach utilizing acoustic refraction for the 

elevational angular compounding method using the existing 1D transducer arrays. Experimental 

validation on phantoms and excised tissue samples assesses the proposed method's efficacy in 

speckle reduction compared to conventional techniques. The chapter also includes a detailed 

analysis of the efficiency and impact of elevational angular deflection on speckle reduction and 

image fidelity. 

   Chapter 3 extends the application of the proposed method to radial ultrasound endoscopy, 

marking the first implementation of spatial compounding in this context. The chapter presents 

an in-depth analysis of speckle reduction efficiency and introduces optimized elevational angular 

deflection for lymph nodes, aiming to achieve the highest speckle reduction efficiency with 

minimal image fidelity loss. 

   Chapter 4 summarizes the key findings of the research and provides insights for future 

development and research directions. The conclusion reflects on the contributions of the study 

and outlines recommendations for overcoming existing challenges.  
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Summary and Author Contribution 
 

   The study explores an approach to enhance the quality of ultrasound (US) images through 

Elevational Angular Compounding (EAC). EAC aims to mitigate speckle noise, a common limitation 

in ultrasound imaging that hinders diagnostic accuracy. Existing EAC methods involve mechanically 

rotating 1D transducer arrays or employing costly 2D arrays, which complicates and increases the 

expense of US systems. 

   In this research, the authors introduce Refraction-Based Elevational Angular Compounding 

(REACT), a novel technique that overcomes these challenges. REACT utilizes a translating 

cylindrical acoustic lens to steer the ultrasound beam along the elevational direction, eliminating 

the need for complex mechanical components or expensive arrays. The authors demonstrate the 

superior speckle noise reduction and improving image quality capabilities of REACT compared to 

traditional EAC methods. This innovation eliminates the need for complex and costly mechanical 

components and offers a more practical solution for medical ultrasound devices. By improving 

image quality and reducing speckle noise, REACT has the potential to enhance the diagnostic 

precision of ultrasound examinations, making it a promising technology for future medical 

ultrasound devices. 

My contribution to the presented manuscript where the following:  

Methodology The study was designed by me and Christian Zakian. I developed the experimental 

hardware set-up required for the measurement, which included the electronics, mounting of 

the ultrasound transducer, preparation of the phantom, and ex vivo samples, and mechanical 

stages. I also developed the programming code needed to automate the acquiring the images, 

i.e., to control the stages and the data acquisition system. I also conducted the experiment 

and collected all the data. 
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Analysis I generated the code required to process and analyze the collected data using 

MATLAB. I and Christian Zakian worked together to interpretate the collected data and     

signals. 

   Writing and Revisions I drafted the initial manuscript with significant contributions from all 

authors. I created all figures using MATLAB and Microsoft word with valuable inputs from 

all authors.  In response to the reviewer's requests, I carried out further experiments, and 

with help of Christian Zakian made changes to the article and adjusted the figures. 

 

 

Abstract 
 

Ultrasound imaging is affected by coherent noise or speckle, which reduces contrast and overall 

image quality and degrades the diagnostic precision of the collected images. Elevational angular 

compounding (EAC) is an attractive means of addressing this limitation since it reduces speckle 

noise while operating in real-time. However, current EAC implementations rely on mechanically 

rotating a one-dimensional (1D) transducer array or electronically beam steering of two-

dimensional (2D) arrays to provide different elevational imaging angles, which increases the size 

and cost of the systems. Here we present a novel EAC implementation based on a 1D array, which 

does not necessitate mechanically rotating the transducer. The proposed refraction-based 

elevational angular compounding technique (REACT) instead utilizes a translating cylindrical 

acoustic lens that steers the ultrasound beam along the elevational direction. Applying REACT to 

investigate phantoms and excised tissue samples demonstrated superior suppression of 

ultrasound speckle noise compared to previous EAC methods, with up to a two-fold improvement 

in signal- and contrast-to-noise ratios. The effects of elevational angular width on speckle 

reduction were further investigated to determine the appropriate conditions for applying EAC. 

This study introduces acoustic refractive elements as potential low-cost solutions to noise 

reduction, which could be integrated into current medical ultrasound devices. 
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 2.1 Introduction 
 

Speckle noise is an inherent property of ultrasound (US) imaging that results from constructive 

and destructive interference of backscattered acoustic waves caused by heterogeneities in tissue 

[1–4]. While speckle can be exploited to obtain dynamic information (e.g., on blood flow) [5], it 

can also degrade both the resolution and contrast of static structures and blur the boundaries of 

layered tissues, which can hinder the interpretation of tissue morphology and fine structure and 

adversely affect diagnostic procedures [6–10]. Image post-processing or compounding methods 

are commonly used to reduce speckle in US imaging [11–20]. Post-processing is based on image 

filter algorithms that use information extracted from the images [11–13], which limits realistic 

enhancement of structures obscured by speckle noise. Compounding methods average sequential 

images from the same field of view (FOV) with varied spatial or frequency content [7–10], 

enhancing correlated features while removing uncorrelated speckle noise, which can reveal 

structures obscured by speckle in individual images. Frequency compounding methods either vary 

the emitted frequency or decompose the spectrum of the echo signal to obtain images with 

uncorrelated speckle patterns, while spatial compounding methods acquire images at different 

US beam orientations [14–20]. However, both compounding methods typically result in a loss of 

spatial or temporal resolution, as capturing multiple images reduces acquisition speeds and 

collecting signals from adjacent fields of view reduces the lateral resolution [18]. Elevational 

angular compounding (EAC) is a type of spatial compounding that can simultaneously offer high 

speckle noise reduction and good temporal resolution, making it desirable for medical applications 

[19]. EAC obtains partially correlated images by steering the elevational imaging plane with small 

angular steps [19, 20]. EAC methods typically employ either one-dimensional (1D) arrays that can 

only control the US beam in the azimuthal direction (i.e., parallel to the imaging plane) or two-

dimensional (2D) arrays that can control the US beam in both the azimuthal and elevational 

directions (the latter being perpendicular to the imaging plane) [21–23]. US systems with 1D arrays 

are simple and inexpensive. However, implementing EAC in such systems necessitates bulky 

mechanical stages to physically move or rotate the 1D array in order to steer the beam in the 
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elevational direction [19], which is impractical in clinical applications. In contrast, US systems 

integrating 2D arrays can electronically steer the beam along the elevational direction without 

changing the detector’s position [21–23]. However, EAC has only been preliminarily validated in 

systems integrating 2D detector arrays on simulated data and, although this implementation was 

reported in patents [24, 25], it has not thus far been experimentally validated. Furthermore, the 

use of 2D array detectors increases the size and cost of the US system. Thus, there is a need for a 

means of incorporating EAC into US systems that are both economical and have a small form factor. 

In this work, we aimed to develop a method of implementing EAC, which could be integrated into 

simple and low-cost US system without sacrificing the image enhancement capabilities. We 

hypothesized that an acoustic refractive lens could steer a US beam from a 1D transducer array, 

imparting it with the elevational steering ability of a stationary 2D array while retaining the 

advantages in size, cost, and simplicity of a 1D array. Furthermore, linear micro-translation of a 

refractive element should impart precision control of elevational angular steering in a 1D 

transducer array while minimizing motion artifacts compared to rotating the entire transducer. 

We describe herein this refraction based EAC technique (REACT) and assess its qualitative and 

quantitative enhancements of US images in experiments on phantoms and tissues ex vivo. 

Moreover, we examine the effect of experimental parameters that can cause image deformation 

due to compounding different elevational angular views. 

 

 2.2 Methods  
 

2.2.1 Image acquisition. The implementation scheme of REACT using an acoustic refractive 

element is shown in Figure 2. 1a, c. In short, linear translation of the acoustic cylindrical lens (ACL) 

across the stationary 1D transducer array steers the acoustic beam along the elevation direction 

and can be adjusted by changing the ACL’s position and radius of curvature (Figure 2. 1b). A linear 

transducer array with 128 unfocused elements and a central frequency of 7.5 MHz (12L5V, 

Terason, USA) connected to a portable acquisition console (Terason 2000+, USA) was employed 

for US imaging. A motorized translation stage (MTS50-Z8, Thorlabs) was used to shift the ACL at 
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predetermined linear steps (δ) in front of the 1D array transducer to obtain different elevational 

angular views by virtue of acoustic refraction. Each step has an approximate error of 0.7% of the 

step size. Because the lens translation was not automated, the acquisition was limited to an 

average of 20 frames per minute. However, implementing REACT with automated lens translation 

would allow for frame rates that are only limited by the acquisition speed of the US imaging system. 

Moreover, to provide two different effective elevational angular widths (Δ) needed for image 

fidelity exploration, samples were imaged at two different imaging depths (d). Figure 2. 1d depicts 

the elevational steering angle of the acoustic beam at different positions of the ACL. 

2.2.2. Refractive element fabrication. Customized ACLs designed to cover the full sensor 

area were manufactured from Polymethyl methacrylate (PMMA), which has a sound speed of 

2750 m/s and low acoustic attenuation of 1.4 dB/cm/MHz [26, 27]. The lenses were fabricated 

from 2.5 mm ± 4 µm thick PMMA blocks. Figure 2. 1b shows a schematic of the three 

manufactured lenses, ACL1, ACL2, and ACL3, with infinite (flat), 88 mm, and 24 mm curvature radii, 

respectively. The acoustic beam was steered in the elevational direction by refraction caused by 

the difference in acoustic impedance (Z) between the PMMA lens (Z = 3.23 × 106 kg/m2s) and 

water (the imaging medium, Z = 1.49 × 106 kg/m2s) [26, 27]. The distance between the transducer 

and ACL was held to <1 mm (while avoiding contact) to minimize the effect of multiple refection 

artefacts on the image due to the impedance mismatch between the PMMA and water. Each ACL 

can produce a characteristic maximum elevational angular defection, which is 0° for ACL1, 2.5° for 

ACL2, and 5° for ACL3. Given the radius of curvature, the usable scanning length (w) is 

geometrically constrained, and the translation step is defined to acquire a fixed number of images 

(N = 100). ACL1 and ACL2 were scanned with steps of δ1 = δ2 = 150 µm, whereas ACL3 was scanned 

in steps of δ3 = 100 µm. The total defection angle was theoretically calculated using Snell’s law as 

c1sinθ2 = c2sinθ1 (where c1 and c2 are the longitudinal wave velocities, and θ1 and θ2 are incidence 

and exit angles in materials 1 and 2, respectively) [28, 29] and confirmed experimentally as follows. 

2.2.3. Effective field of view and elevation angle characterization. The transducer’s 

inherent elevational angular FOV (θi), without ACLs, was first determined by measuring the 

distance between two opposing needle tips, which were inserted into opposite sides of an agar 
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phantom until they just appeared on each side of the image. By recording their imaging depth, an 

inherent elevation angular FOV of 29.5° was calculated for the employed linear transducer. 

Similarly, the extended elevational angular FOVs (θE) when employing ACL2 and ACL3 were 

calculated as 32° and 34.5°, respectively. The effective compounding angles of 0° (ACL1, serving 

as a non-angular compounding reference), 2.5° (ACL2), and 5° (ACL3) were computed by 

subtracting the inherent transducer angular elevation FOV from the extended ones obtained for 

each ACL. Imaging samples. Custom acoustic phantoms (50 mm × 20 mm × 15 mm) comprising 2% 

agar and 4% TiO2 in 100 ml water were manufactured to assess speckle reduction efficiency and 

image fidelity. Phantom A embedded three 7 mm-diameter cylindrical holes and was used to 

evaluate REACT’s speckle reduction efficiency. Phantom B contained three different holes in the 

shape of a cylinder (no diameter gradient), frustum (intermediate diameter gradient), and cone 

(high diameter gradient) and was used to explore the effect of elevational angular width and the 

target’s cross-sectional variation on EAC image fidelity. An excised chicken heart and swine kidney 

were utilized as biological phantoms to further explore the importance of the cross-sectional 

appearance of the sample on image fidelity for a given elevational angular width using REACT. The 

chicken heart was chosen due to its conical shape to represent a sample with high cross-sectional 

variation. The swine kidney, which is larger than a chicken heart, was selected because of its low 

cross-sectional variation. For comparability, US images of the biological phantoms were captured 

and despeckled under the same imaging condition utilizing ACL3. The phantoms were stabilized 

during imaging by pinning them to polystyrene foam. No live specimens were used in the 

experiments. 
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Figure 2. 1  REACT elevational angular steering concept and implementation. (a) Linear translation of the 
ACL along the elevational direction in front of the stationary 1D transducer controls the 
elevational angular FOV. UST, ultrasound transducer, ACL, acoustic cylindrical lens, Δ, 
elevational angular width. (b) Renderings of ACL1, ACL2, and ACL3, which produce 0°, 2.5° and 
5° angular defections, respectively. The width and length of the ACLs are indicated by w and l, 
respectively. The ACLs are moved in consistent step sizes (δ), which are equal to the width of 
the ACL (w) divided by number of images (N) needed for compounding. (c) REACT imaging 
acquisition configuration. d, imaging depth. (d) Elevational angular steering in different 
positions of the ACL. Sound waves propagate through the water, phantom, and ACLs at speeds 
of cw, cPh, and cACL, respectively, where cw ≈ cPh <cACL Imaging at different positions of the ACL 
extends the elevational angular FOV (θE) of the transducer compared to its inherent 
elevational angular FOV (θi). (e) Matrix operators used to compute the compounded image 
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and standard deviation (STD) decorrelation map at the pixel level using the sequentially 
captured images. 

2.3.4 Analysis method. Sequential images were captured in different positions of the ACL 

and compounded using a mean compound operator30 (Figure 2. 1e). The intensity and standard 

deviation (STD) were mapped at the pixel-level to investigate the efficiency of REACT to generate 

correlated structures and uncorrelated speckle patterns across acquired images (Figure 2. 1e). 

Single and compounded images were compared for each elevational angular defection case to 

assess the despeckling efficiency. Rectangular regions of interest (ROIs = 28 × 140 pixels) within 

solid and empty (holes) regions in the phantom were selected to derive the intensity average and 

standard deviation to compute SNR and CNR. These indices were used as quantitative indicators 

of image improvement. The speckle and electrical noise suppression was also evaluated by 

inspecting the A-line intensity profiles of the single and compounded images. 

 

2.3 Results 

 Figure 2. 2 shows the speckle reduction efficiency achieved using REACT. Figure 2. 2a–h depicts 

uncompounded (single), averaged and compounded US images of a phantom with cylindrical 

holes (phantom A) at direct view and elevational angular defections of 0°, 2.5°, and 5°. Visual 

inspection of the US image pairs in Figure 2. 2a–h reveals noticeable speckle noise reduction with 

wider elevational angular defection, with the greatest despeckling effect observed for the 5° case. 

Despite this wide defection angle (5°), the edges of the holes in the phantom are preserved upon 

compounding, as highlighted by the arrows in Figure 2. 2h. Figure 2. 2i shows the A-line intensity 

profiles obtained for a single image (Figure 2. 2c) compared to profiles of the images that were 

compounded at elevational defections of 0° (Figure 2. 2d) and 5° (Figure 2. 2h). Inspecting the A-

line intensity profile of the single image across the solid phantom sections (blue rectangles in 

Figure 2. 2i) shows high intensity variations related to the granular nature of speckle noise. These 

variations are strongly suppressed by REACT at an elevational angular defection of 5°. In contrast, 

compounding with a 0° elevational angular defection, which acts as a comparative reference to 

normal averaging, only moderately suppresses the intensity variations. The noise reduction upon 
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compounding at 0° is primarily due to electrical noise averaging, which is apparent in the A-line 

intensity profile variation across the water-filled regions (gray rectangles in Figure 2. 2i), where no 

scatterers are expected to produce speckle. Still, even in the absence of speckle, compounding at 

a 5° elevational angle results in greater noise reduction than at 0°, demonstrating that REACT 

reduces both speckle noise and overall US electrical noise more efficiently than normal averaging. 

To quantify this observation, Figure 2. 2j shows the effect of increasing the number of images used 

for averaging and compounding on the SNR, as calculated within the ROI (red rectangle) in the 

solid region of the phantom in Figure 2. 2b. As expected, SNR increases for all cases, yet at a 

greater rate for the 5° EAC case, owing to a reduction in both speckle and electrical noise. Note 

that, for all EAC cases (with the ACL), initial SNR is lower compared to the normal averaging case 

(without the ACL), as seen in the inset of Figure 2. 2j. This is due to the signal loss caused by the 

acoustic attenuation and refection. However, owing to the high despeckling efficiency of REACT, 

the final SNR in the 5° EAC case is two times higher than for normal averaging (Figure 2. 2j).  
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Figure 2. 2 Speckle reduction achieved with REACT. (a)-(h) Single and compounded US images of a 
phantom with embedded cylindrical holes (phantom A) using three different ACLs. Images 
captured through no ACL in (a) and (b), ACL1 (0° deflection angle) in (c) and (d), ACL2 (2.5° 
deflection angle) in (e) and (f), and ACL3 (5° deflection angle) in (g) and (h). Arrows in (h) 
show despeckled features and preserved edges obtained with the 5° elevational 
compounding. (i) A-line intensity profiles along the vertical dashed line in (a) applied 
through the single and compounded images with 0° and 5° elevation angle deflection; 
arrows indicate the phantom’s surfaces. Gray rectangles indicate water-filled regions above 
the top surface and inside the hole, blue rectangles indicate the regions inside the solid 
phantom. (j) Effect of increasing the number of images on SNR, for the cases of normal 
averaging using no ACL and compounding using ACL1, ACL2 and ACL3. Rectangular ROIs in 
(b) show regions used for deriving the SNR and CNR in (j) and Table 1.  

 

Table 2. 1 shows SNR and CNR improvements obtained using REACT. Quantitative indices 

extracted from the two ROIs (28×140 pixels) specified in Figure 2. 2b were used to compare the 

despeckling efficiency of normal averaging and REACT at different elevational angular defections. 

The higher SNR and CNR in the wider elevational angular acquisition are consistent with the 

observations in Figure 2. 2  

Table 2. 1 SNR and CNR improvement using REACT. SNR: signal to noise ratio = µ/σ, CNR: contrast to 

noise ratio = |µHole - µPhantom|/σHole. 
  

  

 

 

 

Figure 2. 3 demonstrates the effect of elevational angular width (Δ) and the target’s cross-

sectional variation on image fidelity after elevational angular compounding. The schematic in 

Figure 2. 3a illustrates the configuration of phantom B, which contains three holes with shapes 

approximating a cylinder, frustum, and cone. These holes have different diameter gradients along 

the entire angular imaging width, enabling the investigation of the correlation between Δ and 

image fidelity. Phantom B was imaged using ACL3 at two different imaging depth (d1=1.5 cm and 

d2 = 5.5 cm), i.e., two effective Δ values. A single image and two compounded images using 5° 

ACL Type 
Phantom 

(SNR compounded /SNR single - 1)  

Phantom and Hole 
(CNR compounded /CNR single - 1)  

No ACL 

(normal averaging) 
0.24 0.27 

ACL1 
(0.0° deflection angle) 

0.23 0.28 

ACL2 
(2.5° deflection angle) 

1.22 1.84 

ACL3 
(5.0° deflection angle) 

1.72 2.18 
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elevational angular defection are shown in Figure 2. 3b–d. As expected, image fidelity upon 

compounding suffered most for the conical hole (Figure 2. 3c, d, cone), which has the highest 

diameter gradient along elevational direction, even for the shallow imaging depth (d1, smaller Δ). 

The cone with an intermediate diameter gradient (Figure 2. 3c, d, frustum) displays acceptable 

image fidelity for the smaller Δ at d1 but is more impacted at d2. However, the cylindrical hole (no 

diameter gradient, labeled cylinder) shows image fidelity for both Δ cases, without blurry edges. 

The impacts of these findings were further explored using a biological phantom of an excised 

chicken heart (Figure 2 .3e). Figures 2. 3f, g show the single (Figure 2. 3f) and compounded 

(Figure 2. 3g) images obtained from the organ with the ACL3 at d2. Visual examination of these US 

images reveals edge blurring and structure distortion in the compounded image (arrows in 

Figure 2. 3g) due to the high diameter gradient of the organ in the elevational direction, similar to 

the cone case in Phantom B (as depicted by the blue dotted triangle in Figure 2. 3e).  
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Figure 2. 3  Elevational angular width affects elevational angular compounded image fidelity. (a)   
Schematic of the imaging acquisition configuration depicting the elevation angular width 
(Δ1≃1.3 mm and Δ2≃4.8 mm) at different phantom distance positions (d1=1.5 cm and 
d2=5.5 cm). Green, red, and blue dashed lines show the cross-section of the cylinder, 
frustum, and conical hole shapes in the phantom, respectively (phantom B). (b) Single US 
image of the phantom at depth d2. White dashed lines show the holes’ boundaries. (c), 
(d) 5° elevational compounded images at depths d1 and d2, respectively. (e) Excised 
chicken heart; white dashed line shows the image cross section location in (f) and (g). Blue 
dashed lines indicate the conical shape of the chicken heart. (f), (g) Single and 5° 
elevational compounded US images of chicken heart at depth d2. Red arrows highlight the 
effect of compounding and loss of fidelity compared to the single image in (f). Scale bars: 
1 mm in e, 0.5 mm in (f) and (g). 

 

Figure 2. 4 demonstrates speckle reduction upon applying REACT to image a swine kidney 

(Figure 2. 4a), which has a cylindrical shape and thus a low diameter gradient. Figure 2. 4b, c show 
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single and compounded US images of the swine kidney, with the latter produced using ACL3 at a 

depth of d2 = 5.5 cm. Visual inspection of the US images in Figure 2. 4 reveals marked speckle noise 

reduction using REACT without blurriness or structure distortion, despite the use of the same 

imaging conditions as for the chicken heart (Figure 2. 4g). The difference in image fidelity between 

the two organs is attributable to the lower variation of the swine kidney’s cross-sectional 

appearance (low diameter gradient) across the angular imaging width compared to that of the 

chicken heart. Figure 2. 4e, f display the variation in pixel intensity for images compounded at 

elevational angles of 0° and 5°, which was mapped to investigate the speckle pattern decorrelation 

between individual captured images (Figure 2. 4d). As expected, higher speckle pattern 

decorrelation is obtained for images captured within the 5° elevational angle, which therefore 

resulted in higher speckle reduction as demonstrated in Figure 2. 4c. Figure 2. 4g shows A-line 

intensity profiles from a single image of the swine kidney (corresponding to the red dotted line in 

Figure 2. 4c) compared to images compounded at elevational angle of 0° and 5°. As in the case of 

phantom A (Figure 2. 4g), the high variation of the A-line intensity profile of the single image across 

solid tissue sections (blue rectangles in Figure 2. 4g) is strongly suppressed upon compounding at 

a 5° elevational angle, but much less so at 0°. It can be seen that electrical noise is largely 

suppressed using compounding at both 0° and 5° elevational angles, observable in the A-line 

intensity profile across the hypoechoic regions where minimal speckle source is expected (gray 

rectangles in Figure 2. 4g). It is noteworthy that using REACT with 5° elevational compounding 

shows better efficiency not only in speckle reduction but also in US electrical noise suppression, 

similar to the results in Figure 2. 2g. To quantify this observation, Figure 2. 4h, i show the effect of 

increasing the number of images used for compounding on SNR, standard deviation (STD), and 

CNR for 0° and 5° EAC, calculated within the specified ROIs in Figure 2. 4b. In both cases, SNR and 

CNR trend upward while STD trends downward, yet with greater rates for the 5° case due to 

reduction in both speckle and electrical noise. 
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Figure 2. 4  REACT demonstrates efficient US speckle reduction in a swine kidney. (a) Excised swine 
kidney; white dashed line shows the image cross-section location in (b) and (c). (b), (c) Single 
and compounded US images of a swine kidney at a depth of 5.5 cm using ACL3. Rectangular 
ROIs in (b) show regions used for deriving the SNR, STD and CNR indices plotted in (h) and (i). 
(d) Representation of the compounding of a series of images by REACT. (e), (f) Intensity of 
STD maps at pixel-level along all captured images, using ACL1 and ACL3, respectively; dashed 
lines delineate the tissue surface contour. (g) A-line intensity profiles along the vertical 
dashed line in (c) applied through the single and elevational compounded images within 0° 
and 5° elevation angle deflection. Arrows demonstrate the tissue’s surfaces. Grey rectangles 
indicate hypoechoic regions above the top surface and inside the holes. Blue rectangles 
indicate regions within the tissue. Scale bars: 1 mm. (h) Effect of increasing the number of 
images used for compounding on SNR and STD within tissue and inside the hole for the cases 
of 0° and 5° EAC. (i) Effect of increasing the number of images used for compounding on CNR 
for the cases of 0° and 5° EAC. 
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 2.4 Discussion 
 

   Speckle noise in US imaging adversely affects its diagnostic accuracy. Among proposed 

despeckling methods, compounding techniques are preferable because they can improve image 

quality and reveal real structures obscured by speckle noise, which are otherwise irretrievable 

using image processing techniques. This functionality requires the acquisition of multiple images 

with uncorrelated speckle patterns, which often comes at the cost of increased size and 

complexity of the imaging setup, limiting its applicability for clinical translation. Here, we have 

demonstrated a new refraction-based elevational angular compounding technique (REACT), which 

efficiently despeckles US images using an acoustic refractive element. This method enables EAC in 

a US system comprising a low-cost 1D detector array without moving or tilting the entire 

transducer head, eliminating the need for bulky mechanical stages or costly 2D arrays and easing 

implementation in current US imaging systems equipped with 1D arrays. 

   In contrast to previous EAC implementations, REACT uses a fixed 1D transducer array with a 

translating acoustic cylindrical lens. Visual and quantitative inspection of US images depicted in 

Figure 2. 2 and Figure 2. 4 illustrates the capability of REACT to reduce speckle noise. Compounded 

images acquired with elevational angular defections of 0°, 2.5°, and 5° improved the CNR by 0.28×, 

1.84×, and 2.18×and SNR by 0.23×, 1.22×, and 1.72×compared to single images, respectively. Note 

that CNR and SNR improvement in the 0° elevational compounded image is due to electrical noise 

suppression, whereas the corresponding improvement for the 2.5° and 5° cases is due to the both 

electrical and speckle noise reduction achieved by averaging uncorrelated speckle image patterns 

from different elevational angular views. As expected, the wider the elevational angular 

acquisition, the greater the speckle suppression in the compounded image [13, 14]. While the 

widest angle employed in our study was 5°, the selection of the optimal compounding angle 

should take into account the trade-of between speckle reduction efficiency and image distortion 

(discussed below). Our results in Table 1 suggest that REACT offers at least twice the enhancement 

in SNR and CNR compared to previous reported implementations of EAC14. This superior 

enhancement could be attributed to a reduction in motion artifacts because of the fixed 

transducer. Note that imaging through the PMMA refractive lenses caused a 7.5% signal loss due 
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to acoustic attenuation and refection (inset in Figure 2. 2j). REACT’s SNR could be further improved 

by minimizing this signal loss using materials with lower acoustic impedance and attenuation 

compared to PMMA (e.g., TPX [27]) and utilizing diffraction lenses with lower effective thicknesses 

[31]. 

   Although EAC is recognized as an efficient way to suppress speckle noise in US images, it suffers 

from anatomic structure deformation and edge blurriness in compounded images captured within 

wide elevational angular views [13,14]. Our results demonstrate that image deformation can also 

occur in EAC with narrow elevational angles, particularly from deeper imaging positions, due to 

the associated increase in elevational angular width (Δ). Image fidelity in EAC, or in other words, 

accurate representation of structural features from the despeckled plane, is affected by 

interference from structures in adjacent elevational planes. We explored the trade-of between 

imaging depth and elevational angular width when employing EAC methods on targets with 

shapes that have no (cylinder), low (frustum), and high (cone) diameter gradient along the 

elevational direction (Figure 2. 3). We found that higher image fidelity is obtained with targets 

that preserve their cross-sectional appearance along the elevational angular width (cylinder), 

while image fidelity increasingly suffers for targets with intermediate and high diameter gradients 

(frustum and cone). The effect of cross-sectional variation on image fidelity was further validated 

by imaging an ex vivo chicken heart and swine kidney with REACT, which demonstrated the 

importance of accounting for the morphology of the sample for a given elevational angular width 

in EAC. The spatial resolution along elevational direction is the main limiting factor in all EAC 

implementation and depends on the total elevational beam width. Hence, out of plane signals can 

degrade compounding quality, particularly when imaging small organs. This was confirmed in our 

experiments, where the high variation of the cross sectional appearance of the chicken heart 

resulted in distortions in the compounded image (Figure 2. 3f, g), whereas the low variation in the 

cross-sectional appearance of the excised swine kidney led to speckle reduction with no loss in 

image fidelity (Figure 2. 3b, c). Despeckling of smaller organs using EAC could be performed by 

reducing the angular compounding width at the cost of a lower despeckling efficiency. We found 

through experiment that 5° EAC afforded high despeckling efficiency with minimal image fidelity 

loss in large organs, such as the kidney. However, determination of the optimal elevational angle 
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width for different organs or applications is required to ensure the highest despeckling efficiency 

without significant loss of image fidelity. Future studies will be conducted on optimization 

algorithms using quantitative image analysis to investigate the optimal compounding angle for 

specific targets. REACT could be attractive in targets with lower expected elevational variations 

such as peripheral vascular, muscle, or bone imaging. In summary, we utilized acoustic refraction 

to introduce elevational angular steering into existing 1D transducer arrays and demonstrated its 

application in a novel implementation of EAC called REACT. Such a low-cost and simple 

compounding despeckling method can be of great benefit in clinics to improve current US 

visualization and interpretation during disease diagnosis. Further work aims at miniaturizing ACL 

embodiments and allowing real-time despeckling by automating the position of the lens and 

synchronizing frames to evaluate REACT in a clinical context. 

Data availability  

The datasets generated during and/or analyzed during the current study are available from the 

corresponding author on reasonable request.  
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Summary and Author Contribution  
 

This study introduces Refraction-Based Elevational Angular Compounding (REACT) as a first 

spatial compounding speckle reduction method in radial endoscopic ultrasonography (EUS). The 

method, specifically tailored for radial EUS, tested on cylindrical phantoms, showcasing its 

superiority in speckle reduction over standard image processing techniques and averaging. The 

results reveal up to a two-fold improvement in signal- and contrast-ratios, demonstrating a 

notable improvement in image quality and diagnostic precision.  

The research also delves into the impact of elevational angular deflection on image fidelity, 

particularly in the context of lymph node-like structures. Through experimentation, the authors 

find that a 5° elevational angular deflection offers an optimal balance between speckle reduction 

efficiency and image fidelity, which is crucial insight for achieving high-quality imaging and 

therefore accurate staging of gastrointestinal tract cancers. The findings open avenues for future 

integration of REACT into clinical settings, promising real-time spatial compounding despeckling 

method and improved diagnostic capabilities in radial EUS applications.  

My contribution to the presented manuscript where the following:  

Methodology The study was designed by me and Christian Zakian. Jeannine Bachmann provided 

expert clinical advice and insightful discussion on validation of. I developed the experimental 

hardware set-up required for the measurement, which included the electronics, mounting of 

the ultrasound transducer, preparation of the phantom, and ex vivo samples, and mechanical 

stages. I also developed the programming code needed to automate the acquiring the images, 

i.e., to control the stages and the data acquisition system. I also conducted the experiment 

and collected all the data. 

Analysis I generated the code required to process and analyze the collected data using MATLAB. I 

and Christian Zakian worked together to interpretate the collected data and signals. 
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   Writing and Revisions I drafted the initial manuscript with significant contributions from all 

authors. I created all figures using MATLAB and Microsoft word with valuable inputs from all 

authors.  In response to the reviewer's requests, I with help of Christian Zakian carried out 

further experiments, made changes to the article, and adjusted the figures. 

 

Abstract 
Endoscopic ultrasonography (EUS) is a safe, real-time diagnostic and therapeutic tool. Speckle 

noise, inherent to ultrasonography, degrades the diagnostic precision of EUS. Elevational angular 

compounding (EAC) can provide real-time speckle noise reduction; however, EAC has never been 

applied to EUS because current implementations require costly and bulky arrays and are 

incompatible with the tight spatial constraints of hollow organs. Here we apply refraction-based 

elevational angular compounding technique (REACT) in radial EUS and demonstrate for the first 

time the spatial compounding in a radial endoscopy. The proposed implementation utilizes a 

translating cylindrical acoustic lens that steers the ultrasound beam along the elevational direction. 

The radial implementation of REACT was investigated in phantoms and demonstrated superior 

suppression of ultrasound speckle noise compared to standard image processing techniques and 

normal averaging. We observe up to a 2-fold improvement in signal- and contrast-to-noise ratios 

over uncompounded images using REACT in layered cylindrical phantom. The effects of elevational 

angular deflection on image fidelity were further investigated in a phantom with lymph node-like 

structures to determine the optimum elevational angular width to achieve the both high speckle 

reduction efficiency while maintaining image fidelity. This study introduces REACT as a potential 

compact and low-cost solution to impart current radial echo-endoscopes with spatial 

compounding. This could enable accurate identification and precise sizing of lymph nodes in 

staging of gastrointestinal tract cancers. 
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3.1 Introduction 

Endoscopic ultrasonography (EUS) is a real-time, minimally invasive diagnostic imaging 

modality with therapeutic applications in the gastrointestinal (GI) tract region [1-7], as well as 

neighboring organs within [4-5] cm of the GI tract, such as the pancreas, liver, and lymph nodes 

[8-10]. Because of the high spatial resolution and the proximity to the organs, EUS is superior to 

spiral computed tomography (CT) and magnetic resonance imaging (MRI) for detecting the small 

lesions [11-13]. Thus, EUS is an ideal modality to detect lymph node tumor metastasis, which is a 

crucial for staging of GI tract cancers [8-13]. 

Despite these advantages, EUS suffers from poor contrast in the mucosal layers of the GI tract 

wall [8, 9] due to speckle noise, which is inherent in coherent imaging and arises from the 

interference of the back scattered waves from tissue microstructures. Speckle noise hinders the 

identification of tissue-layer boundaries within the GI tract where differences in acoustic 

impedance are low [10]. Therefore, speckle degrades image quality and contrast, which impedes 

accurate identification of pathological tissues. 

Post-processing techniques to remove speckle from ultrasound images often fail to reveal 

structures that were obscured by speckle in the original image [14, 15]. In contrast, compounding 

methods can overcome missing information in individual frames by acquiring and averaging a 

sequence of images containing both correlated features and uncorrelated speckle patterns, with 

spatial compounding being preferred due to its higher speckle reduction efficiency [14]. To our 

knowledge, spatial compounding has only been implemented in linear EUS using azimuthal 

angular compounding [4, 10]. Azimuthal angular compounding requires laborious spatial 

alignment of sequential frames to extract the common region of interest and to avoid blurring. 

Despite its use in linear ultrasound endoscopy, azimuthal compounding is not applicable for radial 

EUS, as the radial geometry captures the image over a full 360-degree angle in the azimuthal plane, 

which negates the option of acquiring multiple decorrelated speckle patterns. In contrast, 

elevational angular compounding (EAC), which relies on capturing partially correlated images by 

steering the imaging plane with small angular steps in the elevational direction (perpendicular to 

the imaging plane) [16], is ideal for radial EUS because its geometry is suitable for capturing 
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sequential frames in a radial configuration. In addition, EAC allows imaging of the same region of 

interest in all sequential frames, therefore eliminating the need for spatial alignment, which is 

desirable for real time imaging 16-18. However, no EAC implementations for EUS have yet been 

introduced, likely due to spatial and cost constraints. Previous implementations of EAC for 

traditional ultrasound imaging used either a two-dimensional (2D) array [16] or a mechanical 

rotating one dimensional (1D) array [17] to provide the elevational angular imaging; however, 2D 

arrays are costly and mechanical rotating 1D arrays cause motion artifacts. Moreover, the need 

for multiple piezoelectric elements in 2D arrays and mechanical stage in rotating 1D arrays make 

these implementations of EAC bulky and cumbersome, which increases the risk of damage to the 

GI tract during examination. These factors prevent the translation of EAC to clinical EUS 

applications. 

Our group recently introduced a refraction-based elevational angular compounding technique 

(REACT), wherein a customized refractive element imparts a fixed linear array with elevational 

angular steering capabilities [18]. REACT demonstrated more efficient ultrasound despeckling 

compared to the previous EAC implementations, primarily because the fixed transducer array 

minimized motion artifacts. However, the refractive element of the REACT prototype was 

designed for linear arrays and was therefore not suitable for use in radial ultrasound endoscopy 

[18]. 

In this work, we developed a radial implementation of REACT by using an engraved acoustic 

cylindrical refractive lens on an annular PMMA substrate to steer ultrasound waves along the 

elevational angle in cylindrical coordinates. This development represents the first application of 

spatial compounding in radial EUS. Our radial implementation of REACT achieves elevational 

angular steering using a stationary 1D-array transducer, making it compact to avoid potential 

damage to the GI tract during examination process. By integrating radial REACT into a 

commercially available radial ultrasound endoscope, we image cylindrical layered phantom and 

demonstrate a 2-fold improvement in contrast- and signal- to noise ratios over uncompounded 

US images. Moreover, we characterize the optimal elevation angle of deflection for the lymph 

node like structures to yield both high speckle reduction efficiency and image fidelity. 
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3.2 Methods 

3.2.1 Image acquisition. The implementation scheme of REACT in EUS is shown in Figure 

3. 1a. The employed ultrasound imaging system (HI VISION Avius®, Hitachi) utilized a convex radial 

360-degree transducer array with central frequency of 7.5 MHz (EUP-R54AW-19, Hitachi). An 

annular-shaped acoustic cylindrical lens (see below) was attached to a linear translation stage to 

provide the fixed radial transducer with the elevational angular steering capability. A motorized 

linear translation stage (MTS50-Z8, Thorlabs) was used to shift the acoustic lens at predetermined 

linear steps, δ, along the longitudinal axis of the fixed transducer to obtain different elevational 

angular views by virtue of acoustic refraction (Figure 3. 1b). Each longitudinal step has an 

approximate error of 0.7% of the step size. Compounded images were attained by capturing 

(N = 100) sequential images from the same region of interest, yet at different elevational angular 

views with a rate of 20 frames per minute. The elevational angular field-of-view (FOV) of the 

transducer were adjusted by changing the acoustic lens’s position and radius of curvature. 

3.2.2 Refractive element fabrication. Figure 3. 1c shows a schematic of the annular-

shaped acoustic cylindrical lens. Customized acoustic cylindrical lenses were manufactured from 

Polymethyl methacrylate (PMMA), which has a speed of sound of 2750 m/s and a low acoustic 

attenuation of 1.4 dB/cm/MHz [19, 20]. The lenses were machined from PMMA rods with 

diameters of 15 mm ± 4 µm. The acoustic beam refracts in the elevational direction due to the 

acoustic impedance (Z) difference between the PMMA lens (Z = 3.23 × 106 kg/m2s) and water (the 

imaging medium, Z = 1.49 × 106 kg/m2s)19, 20. The distance between the transducer and 

cylindrical acoustic lenses was held to ˂1 mm (while avoiding contact) to minimize the effect of 

multiple reflection artifacts on the image due to the impedance mismatch between the PMMA 

and water. Five cylindrical acoustic lenses were manufactured to provide different elevational 

angular deflections of 0°, 2.5°, 5°, 15°, and 30°. To acquire a fixed number of images, the 

translation steps (δ) for each acoustic lens were specified by dividing the length of each lens (l) by 

number of acquired images (N = 100) for compounding. The effective deflection angle was 

calculated using Snell’s law as c1sinØ2 = c2sinØ1 (where c1 and c2 are the longitudinal wave 
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velocities, and Ø1 and Ø2 are incidence and exit angles in materials 1 and 2, respectively) [21, 22] 

and confirmed experimentally in a similar manner to that reported in our previous study [18]. 

3.2.3 Imaging samples. Two custom tube-shaped phantoms were manufactured to assess 

speckle reduction efficiency and image fidelity. They comprised 2% agar and different 

concentrations of TiO2 (0.25% – 4%) and had outer diameters of 80 mm and inner diameters of 

20 mm. Phantom A consisted of five agar layers with TiO2 concentrations of 0.25%, 0.5%, 1%, 2%, 

and 4%, from the outer to the innermost layer, respectively. The phantom contained rod-shaped 

holes with a 1 mm-diameter to test REACT’s ability to reveal fine structures obscured by speckle 

noise. Phantom B consisted of a single agar layer with 4% TiO2 concentration with embedded 

spherical water beads with diameters ranging between 10 mm to 12 mm to mimic lymph nodes-

like structures in the GI tract [23]. Phantom B was used to determine the optimum elevational 

angular width needed for imaging lymph nodes to achieve both high speckle reduction efficiency 

and image fidelity. 

3.2.4 Analysis method. To attain each compounded image, 100 sequential images were 

captured in different positions of the annular-shaped acoustic cylindrical lens and compounded 

using a mean compound operator [24]. To preform image post-processing for despeckling of the 

US images, Matlab was used to perform Frost filtering, which is a common speckle noise filtering 

technique based on an adaptive filter [25]. Processed and compounded images were compared 

to their respect single images to assess the despeckling efficiency. Circular regions of interest 

(ROIs = 1950 pixels) within a water sphere and solid regions in the phantom were selected to 

derive the average and standard deviation of the pixel intensities in order to compute SNR and 

CNR. These indices were used as quantitative indicators of image improvement to evaluate the 

despeckling efficiency and preserving the image fidelity. The despeckling efficiency was also 

evaluated by inspecting the A-line intensity profiles of the single, processed, and compounded 

images. 
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Figure 3. 1 REACT implementation in EUS. (a) REACT imaging acquisition configuration using radial 
transducer array. Linear translation of the annular-shaped acoustic cylindrical lens along the 
elevational direction in front of the stationary radial transducer array controls the elevational 
angular FOV. (b) Elevational angular steering in different positions of the acoustic cylindrical lens. 
Sound waves propagate through the water and lens substrate at speeds of cw and cLens, 
respectively, where cw < cLens. Imaging at different positions of the acoustic lens extends the 
elevational angular FOV (θE) of the transducer compared to its inherent elevational angular FOV 
(θi). (c) Schematic of annular-shaped acoustic cylindrical lens. The annular-shaped acoustic 
cylindrical lens is moved in consistent step sizes (δ), which are equal to the length of the acoustic 
lens (l) divided by the number of recorded images (N) for compounding. 
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3.3 Results 

In order to evaluate the speckle reduction efficiency of REACT in a radial geometry and verify 

its advantage over image post-processing, ultrasound images of a five-layered cylindrical phantom 

containing seven 1 mm-diameter holes (Phantom A, Figure 3. 2a) using a radial ultrasound 

endoscope were recorded and analysed. Figure 3. 2b-g show single images recorded without 

(Figure 3. 2b) and with (Figure 3. 2c) an acoustic lens, a normal averaged image of 100 single 

images recorded with a stationary acoustic lens (Figure 3. 2d), a processed image by Frost filtering 

(Fig. 2f), and compounded images of 100 single images using a translating acoustic lenses 

providing 0˚ (as a control, Figure 3. 2e) and 5˚ elevational angular deflections (Figure 3. 2g). Visual 

inspection of the ultrasound images in Figure 3. 2b–g reveals noticeable speckle noise reduction 

with 5° EAC compared to the single images. Furthermore, the boundaries of the layers and edges 

of the holes in the phantom are clearer upon 5° EAC compared to normal averaging and Frost 

filtering, as highlighted by the red arrows in Figure 3. 2g.    

To quantify the speckle reduction performance, we calculated SNR values (Figure 3. 2b-g, lower 

right corner) for each image. To access a higher number of pixels within the same radius for the 

SNR calculation, a ring-shaped region within the outer layers of the phantom was selected 

(enclosed by the dashed white circles in Figure 3. 2c). The single image recorded with the acoustic 

lens (Figure 3. 2c) exhibits a slightly lower SNR than recorded without a lens (Figure 3. 2b) due to 

the acoustic attenuation and reflection induced by the cylindrical lens substrate. Compounding of 

100 single images recorded using both a stationary (Figure 3. 2d) and translating acoustic lens with 

a 0˚ elevational angular deflection (Figure 3. 2e), improved the SNR by 0.27×. However, the SNR 

obtained using 5° EAC (Figure 3. 2g) is 1.69× greater than the corresponding single image (Figure 3. 

2c) and 0.71× greater than the Frost filtered image (Figure 3. 2f). 

Figure 3. 2h shows the A-line intensity profiles (dashed line in Figure 3. 2b) for a single image 

recorded with lens (dotted black line), Frost filtered image (solid green line), and the compounded 

image using 5° EAC (solid red line). The blue, green, red, and gray rectangles in Figure 3. 2h indicate 

layers 1 – 4 of Phantom A, respectively. Inspecting the A-line intensity profile of the single image 

shows high intensity variations due to presence of scatterers producing speckle noise. Frost 

https://www.nature.com/articles/s41598-020-75092-8#Fig2
https://www.nature.com/articles/s41598-020-75092-8#Fig2
https://www.nature.com/articles/s41598-020-75092-8#Fig2
https://www.nature.com/articles/s41598-020-75092-8#Fig2
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filtering affords a slight dampening of the high intensity variations (solid green line), yet it follows 

the noise pattern of the main signal since it operates only on the available data in a single image. 

In contrast, these variations are strongly suppressed by 5° EAC (solid red line), regardless of the 

noise pattern of the original signal. The higher speckle noise suppression in 5° EAC is due to 

compounding of different speckle patterns acquired at different elevational angular views. The 

high speckle reduction afforded by REACT is exemplified by a hole that is only reveal upon 5° EAC 

(blue arrow in Figure 3. 2g and Figure 3. 2h).  

 

Figure 3. 2 Speckle reduction by REACT in a radial geometry compared to single images, normal averaging, 
and Frost filtering. (a) Phantom A: a five-layered cylindrical phantom (labelled with numbers 
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1, 2, 3, 4, and 5 from inside out respectively) containing seven holes (specified with circular 
regions). (b-g) Ultrasound images of Phantom A: (b) a single image recorded without an 
acoustic lens, (c) a single image recorded with a stationary acoustic lens, (d) an averaged image 
using 100 single images recorded with a stationary acoustic cylindrical lens (e) a compounded 
image using 100 single images recorded with a translating acoustic cylindrical lens providing 
0˚ elevational deflection, (f) a single image recorded with an acoustic lens after Frost filtering, 
(g) a compounded image using 100 single images recorded with a translating acoustic 
cylindrical lens providing 5˚ elevational deflection. The red arrows indicate holes that are not 
visible in b-f. Region between two white circles in c show the ROI used to derive the SNR in 
(b)-(g). (h) A-line intensity profiles for the single, Frost filtered, and 5˚ EAC images, which were 
recorded along the dashed line shown in b. The blue, green, red, and gray rectangles indicate 
phantom layers 1, 2, 3, and 4, respectively. Blue arrows in g and h point to the same hole, 
which lies on the dashed line in b.  

 

Figure 3. 3 depicts single and compounded ultrasound images of a single-layered cylindrical 

phantom containing spherical water beads to mimic lymph nodes (Phantom B), which illustrate 

the effect of the elevational angular deflection on speckle reduction efficiency and image fidelity 

for the radial implementation of REACT. The compounded images were recorded using 0° (Figure 3. 

3b), 2.5° (Figure 3. 3c), 5° (Figure 3. 3d), 15° (Figure 3. 3e), and 30° (Figure 3. 3f) elevational angular 

deflections. Compounding at 0° (Figure 3. 3b) results in minimal image improvement over the 

uncompounded image (Figure 3. 3a). Increasing the elevational compounding angle results in a 

decrease in speckle noise, but also a loss of image fidelity at high angles (15° and 30°) due to 

increasing elevational angular width and a concomitant increase in interference from structures 

in adjacent elevational planes (Figure 3. 3e-f), which manifest as a loss of definition of the water 

bead boundaries (blue arrow). Visual inspection of the ultrasound images in Figure 3. 3a–f reveals 

that 5° EAC yields the optimum balance between speckle noise reduction and image fidelity. The 

edges of the holes and fine structures around them are preserved and are clearest in 5° EAC 

(highlighted by the red arrow in Figure 3. 3d) 

To quantify the effect of the elevational angular deflection on the speckle reduction efficiency 

and image fidelity in REACT, SNR and CNR were calculated using two regions within and outside 

of a water sphere (Figure 3. 3a, white dashed circles) and plotted as a function of the number of 

compounded images (Figure 3. 3g, h). As expected, SNR increases with the number of 

compounded images for all cases, with the rate of SNR improvement increasing with the elevation 

deflection angle. At the upper end, the SNR for 30° EAC is 3.1 x greater than 0° EAC, after 100 

https://www.nature.com/articles/s41598-020-75092-8#Fig2
https://www.nature.com/articles/s41598-020-75092-8#Fig2
https://www.nature.com/articles/s41598-020-75092-8#Fig2
https://www.nature.com/articles/s41598-020-75092-8#Fig4
https://www.nature.com/articles/s41598-020-75092-8#Fig4
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images were compounded. This improvement results from the higher variation in the speckle 

pattern of the captured images within the higher elevational angular deflections. In contrast, CNR 

increases with an increasing number of compounded images only for the 0°, 2.5°, and 5° cases. 

CNR predominantly decreases with compounding for the 15° and 30° cases. Therefore, while 

higher elevational angular deflection results in a decrease in speckle noise (higher SNR), too great 

an angular deflection can cause severe degradation of image fidelity (lower CNR). 

 

Figure 3. 3 The effect of elevational angular deflection on speckle reduction efficiency and image fidelity 
in REACT. (a) A single ultrasound image of a single-layered cylindrical phantom (Phantom 
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B) containing spherical water beads to mimic lymph nodes. The white dotted circles 
indicate the ROIs used to derive the SNR and CNR. (b-f) Compounded images of Phantom 
B using five different cylindrical acoustic lenses with the following angular deflections: (b) 
0˚, (c) 2.5˚, (d) 5˚, (e) 15˚, (f) 30˚. The red arrow in d depicts fine structures, which are best 
resolved by 5˚ EAC. The blue arrow in f indicates a water bead that is barely visible due to 
loss of image fidelity at 30˚ EAC. (g-h) The change in SNR and CNR for each deflection angle 
with increasing number of compounded images.  

 

3.4 Discussion 

The accurate diagnosis and therapeutic utility of EUS for gastrointestinal disorders is limited by 

the presence of speckle noise [8, 9], which hinders the identification of gastrointestinal tract layer 

boundaries with low acoustic impedance differences [8]. To minimize speckle artifacts, 

compounding methods are preferable to image processing techniques because they yield both 

high quality images and reveal fine structures obscured by speckle noise, which are otherwise 

irretrievable using the aforementioned techniques [15, 16]. EAC is a preferred spatial 

compounding technique with both high despeckling efficiency and good temporal resolution, 

which makes it favorable for real time imaging18. However, tight anatomical constrains of hollow 

organs prevent implementation of EAC in EUS using 2D or tilting 1D transducer arrays. Here, we 

demonstrated a novel deployment of spatial compounding in radial EUS by implementing REACT 

in a radial geometry, which can lead to image quality improvements in clinical EUS and enable 

more accurate diagnoses of GI lesions. 

Visual and quantitative inspection of the ultrasound images from a cylindrical layered phantom 

(Figure 3. 2) illustrates that spatial compounding in radial EUS can provide more efficient speckle 

reduction with retrieved fine structures, which are not recoverable with commonly used image 

post-processing techniques such as Frost filtering. As expected, the wider the elevational angle 

employed, the greater the speckle suppression in the compounded image, which translates into 

higher SNRs (Figure 3. g). Compounded images acquired with elevational angular deflections of 0°, 

2.5°, 5°, 15°, and 30° had SNRs that were 0.27 ×, 1.19 × , 1.68 ×, 2.32 ×, and 2.91 × greater than 

their respective single images. The SNR enhancement is in agreement with previously reported 

findings using a linear configuration of REACT [18]. As expected, the similar SNRs obtained for 

https://www.nature.com/articles/s41598-020-75092-8#Fig2
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normal averaging (Figure 3. 2d) and 0° EAC (Figure 3. 2e) confirmed that the uncorrelated speckle 

patterns are produced by effectively changing the elevational angular deflection using an acoustic 

refractive lens. Moreover, SNR in REACT has an increasing trend by increasing the number of 

images, yet at a greater rate for the 30° EAC case (Figure 3. 3g), owing to the widest elevational 

angular width and therefore providing images with less correlated speckle patterns.  

Although higher elevational angular deflection results in higher despeckling efficiency, a trade-

off between speckle reduction and image distortion determines the optimal compounding angle 

for the imaging target of interest [18]. In agreement with our previous study [18], we found that 

out of plane signals can also degrades the quality of the elevational compounded image for radial 

EUS. This is relevant in particular when imaging small organs such as lymph nodes adjacent to the 

GI tract. We demonstrate an increase in SNR with wider elevational angular deflection in phantom 

containing lymph node like structures; however, angular deflection above 5° results in overall 

degradation of CNR (Figure 3. 3). This drop in CNR is due to the interference of the signals out of 

the imaging plane and represents a loss of image contrast, which can affect accurate diagnosis. 

Our experiments suggest that 5° EAC provides an optimal trade-off for high despeckling efficiency 

with minimal image fidelity loss for lymph nodes-like structures (Figure 3. 3). 

This study demonstrates REACT as a first potential compact and low-cost solution to impart 

current radial echo-endoscopes with spatial compounding. The optimum elevational angular 

deflection for imaging lymph nodes was also investigated to achieve the best combination of 

despeckling efficiency and high image fidelity, required for accurate identification of pathological 

lymph nodes in the GI tract. However, further studies are needed to extract the optimum 

elevational angular deflections for other targets of interest in EUS. The lens material has an effect 

on SNR as can be seen by individual images captured with (Figure 3. 2c) and without (Figure 3. 2b) 

the acoustic lens. This is caused by the acoustic attenuation and reflection and could be diminished 

by either utilizing lower attenuating materials to manufacture the lens compared to PMMA (e.g., 

TPX) or diffractive lenses with lower effective thicknesses. To enable real-time despeckling in 

radial EUS using REACT, the translation of the lens should be automated to allow frame rates as 

high as the acquisition speed of the US imaging system. Future work will aim to translate REACT 

https://www.nature.com/articles/s41598-020-75092-8#Fig3
https://www.nature.com/articles/s41598-020-75092-8#Fig3
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into clinical settings by miniaturizing and integrating the acoustic lens to the existing radial echo-

endoscopes. 

In summary, we demonstrate that REACT is ideally suited for radial EUS and can uniquely impart 

spatial compounding to radial ultrasound endoscopy for the first time, enabling observation of 

fine structures hidden by speckle noise. This low-cost and simple spatial compounding method 

can be of great benefit in clinics to improve image quality and contrast in current radial echo-

endoscopes to heighten the accuracy in visualization and identification of pathological lymph 

nodes in staging of gastrointestinal tract cancers. 

Data Availability 

The datasets generated during and/or analysed during the current study are available from the 

corresponding author on reasonable request. 
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Supplementary Information 
 

To validate our theoretical design calculations for the desired refraction of each manufactured 

lens (Snell’s law), we characterized the elevational angular view of the 30˚ EAC lens using a metal 

target (see our previous work [18]) and a needle hydrophone sensor for confirmation. A metal 

target (hex key, ~2 mm diameter) was attached to a XYZ micrometer stage, positioned vertically in 

front of the transducer, and monitored in real time on the US image. The target was moved to a 

position towards the edge of the ring transducer, such that it was barely visible in the image. The 

relative distance between the transducer and the target was measured and the inherent elevational 

angle of the transducer calculated using simple trigonometry, yielding θi = 29.4˚. The manufactured 

acoustic lens was subsequently inserted between the transducer and the target. The lens was 

translated until the target reappeared in the image due to acoustic refraction. The target was then 

moved vertically outwards until it just disappeared from the image. This process was iterated until 

the target no longer became visible after repositioning the acoustic refraction lens. The new relative 

distance between the transducer and the target were measured and utilized to calculate the 

extended elevational angle of θE = 59.1˚ and subsequently the lens's effective maximum elevational 

angular deflection of θE – θi =29.7˚ (Figure 3. 1a-c in supplementary). A similar iterative 

measurement process was performed to find the outer most position where a needle hydrophone 

could detect, through the 30° EAC lens, the pulses emitted by the transducer. This point 

corresponds to the maximum possible deflection of the lens, and the subtended angle was 

calculated by simple trigonometry using the relative distance between the needle and the edge of 

the transducer, yielding, for this lens, an extended elevational angle θE = 59.3˚ (Figure 3. 1d in 

supplementary). The subtraction of the inherent and extended elevational angle yielded to the 

https://www.nature.com/articles/s41598-020-75092-8#Fig4
https://www.nature.com/articles/s41598-020-75092-8#Fig4


Refraction-based Elevational Angular Compounding in Radial US Endoscopy  

 

73 
 

effective maximum elevational angular deflection of 29.9˚. Additionally, we recorded the maximum 

voltage sensed by the needle hydrophone as the lens was translated through its full length to 

confirm the refractive capability of the lens (Figure 3. 1e in supplementary). 

 

Supplementary Figure 3. 1 Elevational angular characterization of the manufactured lenses based on 
hydrophone measurements and the proposed sliding metal target method. (a) 
Photograph of the characterization set-up used for both approaches. The 
picture inset shows a detailed view of the sliding metal target in front of the top 
edge of the radial endoscope transducer, inside the water tank. (b), (c) 
Ultrasound images showing the absence and presence of the metal target in 
the transducer field of view, respectively. The red arrow points to the tip of 
metal target. (d) Detailed picture of the hydrophone placed on the lower edge 
of the radial endoscope transducer, coupled with ultrasonic gel. (e) 
Hydrophone maximum voltage at each position of the translating 30° EAC lens. 

 

Supplementary Figure 3. 2a, b display the variation in pixel intensity for images compounded using 

0° and 5° EAC lens, which was mapped to explore the speckle pattern decorrelation between 

individual recorded images (Figure 3. 2e, g). As predicted, images taken inside the 5° elevational 

angular deflection have stronger speckle pattern decorrelation, resulting in greater speckle 

reduction, as seen in Figure 3. 2g. To investigate the effect of step size on image decorrelation of 

the speckle pattern when translating the 5˚ and 0˚ EAC lens, we performed a correlation coefficient 

analysis of the captured images. Decorrelation from consecutive image pairs (e.g., 1 vs. 2, 2 vs. 3, 

https://www.nature.com/articles/s41598-020-75092-8#Fig4
https://www.nature.com/articles/s41598-020-75092-8#Fig4
https://www.nature.com/articles/s41598-020-75092-8#Fig4
https://www.nature.com/articles/s41598-020-75092-8#Fig4
https://www.nature.com/articles/s41598-020-75092-8#Fig4
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etc.; supplementary Figure 3. 2c) was used to determine which region of the lens afforded the most 

effective decorrelation. A correlation coefficient calculation was also performed between an 

arbitrary image (here, image number 2) and each of the 100 acquired images to confirm that the 

center of the lens was in the optimum position to capture images with maximum decorrelation 

(e.g., 2 vs. 1, 2 vs. 2, 2 vs. 3, etc.; supplementary Figure 3. 2d, respectively). We observed that a 

similar despeckling power could be achieved by compounding fewer images at unequal step sizes 

compared to 100 images with equal step sizes through linear translation of the lens. The optimized 

step size would be achieved by linearly translating the lens to positions that provide equidistant 

acoustic beam deflections.  

 

https://www.nature.com/articles/s41598-020-75092-8#Fig4
https://www.nature.com/articles/s41598-020-75092-8#Fig4
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Supplementary Figure 3. 2   Elevational angular deflection results in speckle pattern decorrelation. Intensity 
of STD maps at pixel-level along all captured images with (a) 0° and (b) 5° EAC 
lenses, respectively; white dashed lines delineate the phantom inner and outer 
surface contours. Regions enclosed by the black (ROI 1) and yellow (ROI 2) 
circular rings used to derive the correlation coefficient shown in panel c and d. 
Correlation coefficient between (c) consecutive image pairs (e.g., 1 vs 2, 2 vs 3, 
etc.) and (d) an arbitrary selected image (here, image number 2) and each of the 
100 captured images (e.g. 2 vs 1, 2 vs 2, 2 vs 3, etc.), resulting from the 
translation of the 5° and 0° EAC lens at equal step sizes in front of the transducer. 



 

  

 

 

 

 

 

Chapter 4 
 

4 Conclusion and Future work 
 

4.1 Conclusion 
 

The presence of speckle noise, an inherent property to coherent imaging techniques, 

significantly compromises diagnostic accuracy of US imaging. While speckle noise can provide 

valuable insights into assessment of dynamic aspects, it simultaneously degrades the clarity and 

contrast of static structures. This effect notably has a significant impact on the interpretation of 

structures and, consequently, diagnostic procedures. Among the various methods proposed to 

mitigate this issue, compounding techniques stand out as a preferred solution. This is due the 

fact that they rely on averaging the information of the sequential images from the same field of 

view containing correlated features and uncorrelated speckle noise pattern. This enables them 

to retrieve the data hidden beneath speckle noise, the feature which is not available in image 

processing approaches as they rely solely on information in a single image. However, the 

necessity of obtaining several images in compounding approaches poses a challenge to 

acquisition speeds, hindering real-time monitoring crucial for studying dynamic aspects like 
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cardiac function and morphology. Additionally, the collection of signals from adjacent fields of 

view to achieve uncorrelated speckle pattern results in a reduction of lateral resolution. This 

requirement often leads to an increased size and complexity of the imaging setup, posing 

challenges and limitations for seamless integration and therefore their implementation for 

clinical practice. These practical limitations highlight the need for a solution that could balance 

the speckle reduction with the preservation of temporal and spatial resolution. 

   The primary objective of this thesis is to tackle and overcome the challenges associated with 

compounding methods, aiming to enhance the feasibility of these techniques for widespread 

adoption in clinical settings. To this end, the introduction contributes to the theoretical 

understanding of compounding techniques, emphasizing their superiority over traditional image 

processing techniques for speckle reduction and highlighting Elevational Angular Compounding 

(EAC) as a preferred compounding technique due to its ability to simultaneously reduce speckle 

noise while maintaining in-plane spatial and temporal resolution. EAC involves adjusting the 

elevational imaging plane with small angular steps to acquire partially correlated image contents 

and uncorrelated speckle patterns. For this purpose, EAC relies on either cost-effective one-

dimensional (1D) arrays with bulky mechanical stages for elevational steering or more expensive 

and larger two-dimensional (2D) arrays that electronically control the beam. 1D arrays are 

affordable but necessitate cumbersome mechanical stages for elevational steering, rendering 

them less feasible for clinical applications. Conversely, 2D arrays electronically control the beam 

without displacing the detector; however, they come with a higher cost and larger physical 

footprint. This limitation impedes the practical application of elevational angular compounding 

in clinical contexts. 

   In response to these challenges, a novel implementation of elevational angular compounding 

using a refractive element, the Refraction-Based Elevational Angular Compounding Technique 

(REACT), has been introduced. REACT utilizes a translating cylindrical acoustic lens to steer 

ultrasound beams along the elevational direction. This approach overcomes the drawbacks of 

previous EAC implementations, demonstrating superior speckle reduction without the need for 

bulky mechanical adjustments or expensive 2D arrays. Further quantitative analyses, including 

Signal-to-Noise Ratios (SNR), Contrast-to-Noise Ratios (CNR) and an exploration of the impact of 
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elevational angular deflection on despeckling efficiency and image fidelity, provided valuable 

insights into the efficacy of REACT to suppress speckle noise in US imaging.  

   The application of REACT has been further extended into radial Endoscopic Ultrasonography 

(EUS), marking the first spatial compounding method in radial endoscopy. This adaptation 

enables real-time speckle noise reduction in a compact and cost-effective manner, addressing 

the challenges posed by spatial constraints in hollow organs. By adopting an annular-shaped 

acoustic cylindrical lens for elevational angular steering, REACT also demonstrated promising 

results in speckle noise reduction in radial geometry, particularly in layered cylindrical phantoms. 

The impact of elevational angular deflection on image accuracy was additionally examined in a 

phantom containing structures resembling lymph nodes, aiming to identify the optimal 

elevational angular width that achieves efficient speckle reduction without compromising image 

fidelity. 

   In conclusion, the study herein presents a novel implementation of elevational angular 

compounding by introducing acoustic refraction to existing 1D transducer arrays for providing 

elevational angular steering, named REACT. The proposed approach brings a practical and cost-

effective solution for adoption of spatial compounding methods in clinical settings. REACT holds 

tremendous potential for enhancing image quality and contrast in US imaging and therefore 

heighten monitoring accuracy. REACT also offers a feasible and affordable approach to impart 

the existing radial echo-endoscopes for the first time with spatial compounding method. This 

advancement has the potential to facilitate precise visualization and identification of pathological 

lymph nodes, particularly in the staging of gastrointestinal tract cancers. 

   Many aspects of this work can be improved in the future, including both algorithmic 

optimization and hardware improvement. 
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4.2 Recommendations for the future work 
 

    This research with proposing REACT as a novel approach for the implementation of the 

elevational angular compounding has made significant achievements in addressing the 

challenges associated with implementation of compounding methods in clinical application. 

However, there are important avenues for future exploration and translation of REACT into 

clinical settings. Future work should focus on miniaturizing, automating, and integrating it into 

existing US transducers, ensuring seamless applicability in real-world clinical setting. The 

following steps will pave the way for future advancement in the promising direction. 

 Algorithmic Optimization: Further studies should focus on developing optimization 

algorithms to determine the most effective elevational angular width for various imaging targets. 

While our study here optimized for lymph nodes, extending this optimization framework to other 

anatomical structures will broaden the utility of REACT. This will ensure the highest despeckling 

efficiency without significant loss of image fidelity. Besides, the adaptability of REACT in clinical 

settings, especially in dynamic applications like cardiac imaging, could be further improved by 

exploring real-time optimization algorithms. 

Hardware Improvement: Improvements in hardware is critical for translating research findings 

into practical clinical applications.  The automation of lens translation is essential for achieving 

real-time speckle reduction using REACT. Future efforts should be directed towards miniaturizing 

and automating acoustic lens translation to enable real-time despeckling, providing a seamless 

integration into existing ultrasound imaging systems. Additionally, alternative materials with 

lower acoustic impedance and attenuation for the acoustic lens should be investigated to 

decrease signal loss and improve signal-to-noise ratios (SNR). In this regard, investigating 

diffractive lenses with reduced effective thicknesses may also improve REACT's overall efficacy.  

Clinical Translation: The transition from experimental validation to clinical applicability is 

crucial for the successful adoption of any imaging technique. Future studies should emphasize 

comprehensive clinical validation of REACT, including evaluations on a diverse range of 



Conclusion and Future Work 

80 
 

anatomical structures and clinical settings. This will ensure that REACT proves not only effective 

in reducing speckle noise but also safe, reliable, and suitable for widespread clinical use. 

   Lastly, we expect that the implementation of acoustic refraction concept would be a great of 

benefits in improving US visualization and disease diagnosis in clinical settings by enabling the 

use of the existing 1D transducer arrays with elevational angular steering. The future 

advancements and adaptations of the proposed method could bring the real-time speckle 

reduction using a spatial compounding, enabling high despeckling efficiency without 

compromising spatial and temporal resolution, as is typical of these methods. This study, 

together with the proposed improvement, has the potential to bring the use of spatial 

compounding without spatial and time resolution compensation to real-time US imaging, as well 

as applications that were previously unavailable as radial EUS. 
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Improving ultrasound images 
with elevational angular 
compounding based on acoustic 
refraction
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Ultrasound imaging is affected by coherent noise or speckle, which reduces contrast and overall 
image quality and degrades the diagnostic precision of the collected images. Elevational angular 
compounding (EAC) is an attractive means of addressing this limitation, since it reduces speckle noise 
while operating in real-time. However, current EAC implementations rely on mechanically rotating a 
one-dimensional (1D) transducer array or electronically beam steering of two-dimensional (2D) arrays 
to provide different elevational imaging angles, which increases the size and cost of the systems. Here 
we present a novel EAC implementation based on a 1D array, which does not necessitate mechanically 
rotating the transducer. The proposed refraction-based elevational angular compounding technique 
(REACT) instead utilizes a translating cylindrical acoustic lens that steers the ultrasound beam along 
the elevational direction. Applying REACT to investigate phantoms and excised tissue samples 
demonstrated superior suppression of ultrasound speckle noise compared to previous EAC methods, 
with up to a two-fold improvement in signal- and contrast-to-noise ratios. The effects of elevational 
angular width on speckle reduction was further investigated to determine the appropriate conditions 
for applying EAC. This study introduces acoustic refractive elements as potential low cost solutions to 
noise reduction, which could be integrated into current medical ultrasound devices.

Speckle noise is an inherent property of ultrasound (US) imaging that results from constructive and destructive 
interference of backscattered acoustic waves caused by heterogeneities in tissue1–4. While speckle can be exploited 
to obtain dynamic information (e.g. on blood flow)5, it can also degrade both the resolution and contrast of static 
structures and blur the boundaries of layered tissues, which can hinder the interpretation of tissue morphology 
and fine structure and adversely affect diagnostic procedures6–10. Image post-processing or compounding meth-
ods are commonly used to reduce speckle in US imaging11–20. Post-processing is based on image filter algorithms 
that use information extracted from the images11–13, which limits realistic enhancement of structures obscured by 
speckle noise. Compounding methods average sequential images from the same field of view (FOV) with varied 
spatial or frequency content7–10, enhancing correlated features while removing uncorrelated speckle noise, which 
can reveal structures obscured by speckle in individual images. Frequency compounding methods either vary the 
emitted frequency or decompose the spectrum of the echo signal to obtain images with uncorrelated speckle pat-
terns, while spatial compounding methods acquire images at different US beam orientations14–20. However, both 
compounding methods typically result in a loss of spatial or temporal resolution, as capturing multiple images 
reduces acquisition speeds and collecting signals from adjacent fields of view reduces the lateral resolution18.

Elevational angular compounding (EAC) is a type of spatial compounding that can simultaneously offer 
high speckle noise reduction and good temporal resolution, making it desirable for medical applications19. EAC 
obtains partially correlated images by steering the elevational imaging plane with small angular steps19,20. EAC 
methods typically employ either one-dimensional (1D) arrays that can only control the US beam in the azimuthal 
direction (i.e. parallel to the imaging plane) or two-dimensional (2D) arrays that can control the US beam in 
both the azimuthal and elevational directions (the latter being perpendicular to the imaging plane)21–23. US 
systems with 1D arrays are simple and inexpensive. However, implementing EAC in such systems necessitates 
bulky mechanical stages to physically move or rotate the 1D array in order to steer the beam in the elevational 
direction19, which is impractical in clinical applications. In contrast, US systems integrating 2D arrays can elec-
tronically steer the beam along the elevational direction without changing the detector’s position21–23.However, 
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EAC has only been preliminarily validated in systems integrating 2D detector arrays on simulated data and, 
although this implementation was reported in patents24,25, it has not thus far been experimentally validated. 
Furthermore, the use of 2D array detectors increases the size and cost of the US system. Thus, there is a need for 
a means of incorporating EAC into US systems that are both economical and have a small form factor.

In this work, we aimed to develop a method of implementing EAC, which could be integrated into simple and 
low cost US system without sacrificing the image enhancement capabilities. We hypothesized that an acoustic 
refractive lens could steer a US beam from a 1D transducer array, imparting it with the elevational steering ability 
of a stationary 2D array while retaining the advantages in size, cost, and simplicity of a 1D array. Furthermore, 
linear micro-translation of a refractive element should impart precision control of elevational angular steering in 
a 1D transducer array while minimizing motion artefacts compared to rotating the entire transducer. We describe 
herein this refraction-based EAC technique (REACT) and assess its qualitative and quantitative enhancements 
of US images in experiments on phantoms and tissues ex vivo. Moreover, we examine the effect of experimental 
parameters that can cause image deformation due to compounding different elevational angular views.

Methods
Image acquisition.  The implementation scheme of REACT using an acoustic refractive element is shown 
in Fig. 1a,c. In short, linear translation of the acoustic cylindrical lens (ACL) across the stationary 1D trans-
ducer array steers the acoustic beam along the elevation direction and can be adjusted by changing the ACL’s 
position and radius of curvature (Fig. 1b). A linear transducer array with 128 unfocused elements and a central 
frequency of 7.5  MHz (12L5V, Terason, USA) connected to a portable acquisition console (Terason 2000 + , 
USA) was employed for US imaging. A motorized translation stage (MTS50-Z8, Thorlabs) was used to shift the 
ACL at predetermined linear steps (δ) in front of the 1D array transducer to obtain different elevational angular 
views by virtue of acoustic refraction. Each step has an approximate error of 0.7% of the step size. Because the 
lens translation was not automated, the acquisition was limited to an average of 20 frames per minute. However, 
implementing REACT with automated lens translation would allow for frame rates that are only limited by the 
acquisition speed of the US imaging system. Moreover, to provide two different effective elevational angular 
widths (Δ) needed for image fidelity exploration, samples were imaged at two different imaging depths (d). Fig-
ure 1d depicts the elevational steering angle of the acoustic beam at different positions of the ACL.

Refractive element fabrication.  Customized ACLs designed to cover the full sensor area were manufac-
tured from Polymethyl methacrylate (PMMA), which has a sound speed of 2750 m/s and low acoustic attenu-
ation of 1.4 dB/cm/MHz26,27. The lenses were fabricated from 2.5 mm ± 4 µm thick PMMA blocks. Figure 1b 
shows a schematic of the three manufactured lenses, ACL1, ACL2, and ACL3, with infinite (flat), 88 mm, and 
24 mm curvature radii, respectively. The acoustic beam was steered in the elevational direction by refraction 
caused by the difference in acoustic impedance (Z) between the PMMA lens (Z = 3.23 × 106 kg/m2s) and water 
(the imaging medium, Z = 1.49 × 106 kg/m2s)26,27. The distance between the transducer and ACL was held to 
< 1 mm (while avoiding contact) to minimize the effect of multiple reflection artefacts on the image due to the 
impedance mismatch between the PMMA and water. Each ACL can produce a characteristic maximum eleva-
tional angular deflection, which is 0° for ACL1, 2.5° for ACL2, and 5° for ACL3. Given the radius of curvature, 
the usable scanning length (w) is geometrically constrained and the translation step is defined to acquire a 
fixed number of images (N = 100). ACL1 and ACL2 were scanned with steps of δ1 = δ2 = 150 µm, whereas ACL3 
was scanned in steps of δ3 = 100 µm. The total deflection angle was theoretically calculated using Snell’s law as 
c1sinθ2 = c2sinθ1 (where c1 and c2 are the longitudinal wave velocities, and θ1 and θ2 are incidence and exit angles 
in materials 1 and 2, respectively)28,29 and confirmed experimentally as follows.

Effective field of view and elevation angle characterisation.  The transducer’s inherent elevational 
angular FOV (θi), without ACLs, was first determined by measuring the distance between two opposing needle 
tips, which were inserted into opposite sides of an agar phantom until they just appeared on each side of the 
image. By recording their imaging depth, an inherent elevation angular FOV of 29.5° was calculated for the 
employed linear transducer. Similarly, the extended elevational angular FOVs (θE) when employing ACL2 and 
ACL3 were calculated as 32° and 34.5°, respectively. The effective compounding angles of 0° (ACL1, serving as a 
non-angular compounding reference), 2.5° (ACL2), and 5° (ACL3) were computed by subtracting the inherent 
transducer angular elevation FOV from the extended ones obtained for each ACL.

Imaging samples.  Custom acoustic phantoms (50  mm × 20  mm × 15  mm) comprising 2% agar and 4% 
TiO2 in 100 ml water were manufactured to assess speckle reduction efficiency and image fidelity. Phantom A 
embedded three 7 mm-diameter cylindrical holes and was used to evaluate REACT’s speckle reduction effi-
ciency. Phantom B contained three different holes in the shape of a cylinder (no diameter gradient), frustum 
(intermediate diameter gradient), and cone (high diameter gradient) and was used to explore the effect of eleva-
tional angular width and the target’s cross-sectional variation on EAC image fidelity. An excised chicken heart 
and swine kidney were utilized as biological phantoms to further explore the importance of the cross-sectional 
appearance of the sample on image fidelity for a given elevational angular width using REACT. The chicken heart 
was chosen due to its conical shape to represent a sample with high cross-sectional variation. The swine kidney, 
which is larger than a chicken heart, was selected because of its low cross-sectional variation. For comparability, 
US images of the biological phantoms were captured and despeckled under the same imaging condition utilizing 
ACL3. The phantoms were stabilized during imaging by pinning them to polystyrene foam. No live specimens 
were used in the experiments.
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Analysis method.  Sequential images were captured in different positions of the ACL and compounded 
using a mean compound operator30 (Fig. 1e). The intensity and standard deviation (STD) were mapped at the 
pixel-level to investigate the efficiency of REACT to generate correlated structures and uncorrelated speckle 
patterns across acquired images (Fig. 1e). Single and compounded images were compared for each elevational 
angular deflection case to assess the despeckling efficiency. Rectangular regions of interest (ROIs = 28 × 140 
pixels) within solid and empty (holes) regions in the phantom were selected to derive the intensity average 
and standard deviation to compute SNR and CNR. These indices were used as quantitative indicators of image 

Figure 1.   REACT elevational angular steering concept and implementation. (a) Linear translation of the ACL 
along the elevational direction in front of the stationary 1D transducer controls the elevational angular FOV. 
UST, ultrasound transducer, ACL, acoustic cylindrical lens, Δ, elevational angular width. (b) Renderings of 
ACL1, ACL2, and ACL3, which produce 0°, 2.5° and 5° angular deflections, respectively. The width and length of 
the ACLs are indicated by w and l, respectively. The ACLs are moved in consistent step sizes (δ), which are equal 
to the width of the ACL (w) divided by number of images (N) needed for compounding. (c) REACT imaging 
acquisition configuration. d, imaging depth. (d) Elevational angular steering in different positions of the ACL. 
Sound waves propagate through the water, phantom, and ACLs at speeds of cw, cPh, and cACL, respectively, 
where cw ≈ cPh < cACL. Imaging at different positions of the ACL extends the elevational angular FOV (θE) of the 
transducer compared to its inherent elevational angular FOV (θi). (e) Matrix operators used to compute the 
compounded image and standard deviation (STD) decorrelation map at the pixel level using the sequentially 
captured images.
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improvement. The speckle and electrical noise suppression was also evaluated by inspecting the A-line intensity 
profiles of the single and compounded images.

Results
Figure 2 shows the speckle reduction efficiency achieved using REACT. Figure 2a–h depict uncompounded 
(single), averaged and compounded US images of a phantom with cylindrical holes (phantom A) at direct view 
and elevational angular deflections of 0°, 2.5°, and 5°.Visual inspection of the US image pairs in Fig. 2a–h reveals 
noticeable speckle noise reduction with wider elevational angular deflection, with the greatest despeckling effect 
observed for the 5° case. Despite this wide deflection angle (5°), the edges of the holes in the phantom are pre-
served upon compounding, as highlighted by the arrows in Fig. 2h. Figure 2i shows the A-line intensity profiles 
obtained for a single image (Fig. 2c) compared to profiles of the images that were compounded at elevational 
deflections of 0° (Fig. 2d) and 5° (Fig. 2h). Inspecting the A-line intensity profile of the single image across the 
solid phantom sections (blue rectangles in Fig. 2i) shows high intensity variations related to the granular nature 
of speckle noise. These variations are strongly suppressed by REACT at an elevational angular deflection of 5°. In 
contrast, compounding with a 0° elevational angular deflection, which acts as a comparative reference to normal 
averaging, only moderately suppresses the intensity variations. The noise reduction upon compounding at 0° 
is primarily due to electrical noise averaging, which is apparent in the A-line intensity profile variation across 
the water-filled regions (gray rectangles in Fig. 2i), where no scatterers are expected to produce speckle. Still, 
even in the absence of speckle, compounding at a 5° elevational angle results in greater noise reduction than at 
0°, demonstrating that REACT reduces both speckle noise and overall US electrical noise more efficiently than 

Figure 2.   Speckle reduction achieved with REACT. (a)–(h) Single and compounded US images of a phantom 
with embedded cylindrical holes (phantom A) using three different ACLs. Images captured through no ACL in 
(a) and (b), ACL1 (0° deflection angle) in (c) and (d), ACL2 (2.5° deflection angle) in (e) and (f), and ACL3 (5° 
deflection angle) in (g) and (h). Arrows in (h) show despeckled features and preserved edges obtained with the 
5° elevational compounding. (i) A-line intensity profiles along the vertical dashed line in (a) applied through 
the single and compounded images with 0° and 5° elevation angle deflection; arrows indicate the phantom’s 
surfaces. Gray rectangles indicate water-filled regions above the top surface and inside the hole, blue rectangles 
indicate the regions inside the solid phantom. (j) Effect of increasing the number of images on SNR for the cases 
of normal averaging, using no ACL, and compounding, using ACL1, ACL2, and ACL3. Rectangular ROIs in (b) 
show regions used for deriving the SNR and CNR in (j) and Table 1.
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normal averaging. To quantify this observation, Fig. 2j shows the effect of increasing the number of images used 
for averaging and compounding on the SNR, as calculated within the ROI (red rectangle) in the solid region of 
the phantom in Fig. 2b. As expected, SNR increases for all cases, yet at a greater rate for the 5° EAC case, owing 
to a reduction in both speckle and electrical noise. Note that, for all EAC cases (with the ACL), initial SNR is 
lower compared to the normal averaging case (without the ACL), as seen in the inset of Fig. 2j. This is due to the 
signal loss caused by the acoustic attenuation and reflection. However, owing to the high despeckling efficiency 
of REACT, the final SNR in the 5° EAC case is two times higher than for normal averaging (Fig. 2j).

Table 1 shows SNR and CNR improvements obtained using REACT. Quantitative indices extracted from the 
two ROIs (28 × 140 pixels) specified in Fig. 2b were used to compare the despeckling efficiency of normal averag-
ing and REACT at different elevational angular deflections. The higher SNR and CNR in the wider elevational 
angular acquisition are consistent with the observations in Fig. 2.

Figure 3 demonstrates the effect of elevational angular width (Δ) and the target’s cross-sectional variation on 
image fidelity after elevational angular compounding. The schematic in Fig. 3a illustrates the configuration of 
phantom B, which contains three holes with shapes approximating a cylinder, frustum, and cone. These holes have 
different diameter gradients along the entire angular imaging width, enabling the investigation of the correlation 
between Δ and image fidelity. Phantom B was imaged using ACL3 at two different imaging depth (d1 = 1.5 cm 
and d2 = 5.5 cm), i.e. two effective Δ values. A single image and two compounded images using 5° elevational 
angular deflection are shown in Fig. 3b–d. As expected, image fidelity upon compounding suffered most for the 
conical hole (Fig. 3c,d, cone), which has the highest diameter gradient along elevational direction, even for the 
shallow imaging depth (d1, smaller Δ). The cone with an intermediate diameter gradient (Fig. 3c,d, frustum) 
displays acceptable image fidelity for the smaller Δ at d1, but is more impacted at d2. However, the cylindrical 
hole (no diameter gradient, labelled cylinder) shows image fidelity for both Δ cases, without blurry edges. The 
impacts of these findings were further explored using a biological phantom of an excised chicken heart (Fig. 3e). 
Figures 3f,g show the single (Fig. 3f) and compounded (Fig. 3g) images obtained from the organ with the ACL3 
at d2. Visual examination of these US images reveal edge blurring and structure distortion in the compounded 
image (arrows in Fig. 3g) due to the high diameter gradient of the organ in the elevational direction, similar to 
the cone case in Phantom B (as depicted by the blue dotted triangle in Fig. 3e).

Figure 4 demonstrates speckle reduction upon applying REACT to image a swine kidney (Fig. 4a), which 
has a cylindrical shape and thus a low diameter gradient. Figure 4b,c show single and compounded US images 
of the swine kidney, with the latter produced using ACL3 at a depth of d2 = 5.5 cm. Visual inspection of the US 
images in Fig. 4 reveals marked speckle noise reduction using REACT without blurriness or structure distortion, 
despite the use of the same imaging conditions as for the chicken heart (Fig. 3g). The difference in image fidelity 
between the two organs is attributable to the lower variation of the swine kidney’s cross-sectional appearance (low 
diameter gradient) across the angular imaging width compared to that of the chicken heart. Figure 4e,f display 
the variation in pixel intensity for images compounded at elevational angles of 0° and 5°, which was mapped to 
investigate the speckle pattern decorrelation between individual captured images (Fig. 4d). As expected, higher 
speckle pattern decorrelation is obtained for images captured within the 5° elevational angle, which therefore 
resulted in higher speckle reduction as demonstrated in Fig. 4c.

Figure 4g shows A-line intensity profiles from a single image of the swine kidney (corresponding to the red 
dotted line in Fig. 4c) compared to images compounded at elevational angle of 0° and 5°. As in the case of phan-
tom A (Fig. 2g), the high variation of the A-line intensity profile of the single image across solid tissue sections 
(blue rectangles in Fig. 4g) is strongly suppressed upon compounding at a 5° elevational angle, but much less so 
at 0°. It can be seen that electrical noise is largely suppressed using compounding at both 0° and 5° elevational 
angles, observable in the A-line intensity profile across the hypoechoic regions where minimal speckle source is 
expected (gray rectangles in Fig. 4g). It is noteworthy that using REACT with 5° elevational compounding shows 
better efficiency not only in speckle reduction but also in US electrical noise suppression, similar to the results 
in Fig. 2g. To quantify this observation, Fig. 4h,i show the effect of increasing the number of images used for 
compounding on SNR, standard deviation (STD), and CNR for 0° and 5° EAC, calculated within the specified 
ROIs in Fig. 4b. In both cases, SNR and CNR trend upward while STD trends downward, yet with greater rates 
for the 5° case due to reduction in both speckle and electrical noise.

Table 1.   SNR and CNR improvement using REACT. SNR: signal to noise ratio = µ/σ, CNR: contrast to noise 
ratio =|µHole − µPhantom|/σHole.

ACL Type
Phantom
(SNRcompounded /SNRsingle − 1)

Phantom and Hole
(CNRcompounded/CNRsingle − 1)

No ACL
(normal averaging) 0.24 0.27

ACL1
(0.0° deflection angle) 0.23 0.28

ACL2
(2.5° deflection angle) 1.22 1.84

ACL3
(5.0° deflection angle) 1.72 2.18
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Discussion
Speckle noise in US imaging adversely affects its diagnostic accuracy. Among proposed despeckling methods, 
compounding techniques are preferable because they can improve image quality and reveal real structures 
obscured by speckle noise, which are otherwise irretrievable using image processing techniques. This function-
ality requires the acquisition of multiple images with uncorrelated speckle patterns, which often comes at the 
cost of increased size and complexity of the imaging setup, limiting its applicability for clinical translation. Here, 
we have demonstrated a new refraction-based elevational angular compounding technique (REACT), which 
efficiently de-speckles US images using an acoustic refractive element. This method enables EAC in a US system 
comprising a low-cost 1D detector array without moving or tilting the entire transducer head, eliminating the 
need for bulky mechanical stages or costly 2D arrays and easing implementation in current US imaging systems 
equipped with 1D arrays.

In contrast to previous EAC implementations, REACT uses a fixed 1D transducer array with a translating 
acoustic cylindrical lens. Visual and quantitative inspection of US images depicted in Fig. 2 and Fig. 4 illus-
trates the capability of REACT to reduce speckle noise. Compounded images acquired with elevational angular 
deflections of 0°, 2.5°, and 5° improved the CNR by 0.28 × , 1.84 × , and 2.18 × and SNR by 0.23 × , 1.22 × , and 

Figure 3.   Elevational angular width affects elevational angular compounded image fidelity. (a) Schematic of 
the imaging acquisition configuration depicting the elevation angular width (Δ1≃1.3 mm and Δ2≃4.8 mm) 
at different phantom distance positions (d1 = 1.5 cm and d2 = 5.5 cm). Green, red, and blue dashed lines show 
the cross-section of the cylinder, frustum, and conical hole shapes in the phantom, respectively (phantom 
B). (b) Single US image of the phantom at depth d2. White dashed lines show the holes’ boundaries. (c), (d) 
5° elevational compounded images at depths d1 and d2, respectively. (e) Excised chicken heart; white dashed 
line shows the image cross section location in (f) and (g). Blue dashed lines indicate the conical shape of the 
chicken heart. (f), (g) Single and 5° elevational compounded US images of chicken heart at depth d2. Red arrows 
highlight the effect of compounding and loss of fidelity compared to the single image in (f). Scale bars: 1 mm in 
e, 0.5 mm in (f) and (g).
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1.72 × compared to single images, respectively. Note that CNR and SNR improvement in the 0° elevational com-
pounded image is due to electrical noise suppression, whereas the corresponding improvement for the 2.5° and 5° 
cases is due to the both electrical and speckle noise reduction achieved by averaging uncorrelated speckle image 
patterns from different elevational angular views. As expected, the wider the elevational angular acquisition, the 
greater the speckle suppression in the compounded image13,14. While the widest angle employed in our study 
was 5°, the selection of the optimal compounding angle should take into account the trade-off between speckle 
reduction efficiency and image distortion (discussed below). Our results in Table 1 suggest that REACT offers at 
least twice the enhancement in SNR and CNR compared to previous reported implementations of EAC14. This 
superior enhancement could be attributed to a reduction in motion artefacts because of the fixed transducer. 
Note that imaging through the PMMA refractive lenses caused a 7.5% signal loss due to acoustic attenuation 
and reflection (inset in Fig. 2j). REACT’s SNR could be further improved by minimizing this signal loss using 
materials with lower acoustic impedance and attenuation compared to PMMA (e.g. TPX27) and utilizing dif-
fraction lenses with lower effective thicknesses31.

Figure 4.   REACT demonstrates efficient US speckle reduction in a swine kidney. (a) Excised swine kidney; 
white dashed line shows the image cross-section location in (b,c). (b), (c) Single and compounded US images 
of a swine kidney at a depth of 5.5 cm using ACL3. Rectangular ROIs in (b) show regions used for deriving 
the SNR, STD and CNR indices plotted in (h) and (i). (d) Representation of the compounding of a series of 
images by REACT. (e), (f) Intensity of STD maps at pixel-level along all captured images, using ACL1 and ACL3, 
respectively; dashed lines delineate the tissue surface contour. (g) A-line intensity profiles along the vertical 
dashed line in (c) applied through the single and elevational compounded images within 0° and 5° elevation 
angle deflection. Arrows demonstrate the tissue’s surfaces. Grey rectangles indicate hypoechoic regions above 
the top surface and inside the holes. Blue rectangles indicate regions within the tissue. Scale bars: 1 mm. (h) 
Effect of increasing the number of images used for compounding on SNR and STD within tissue and inside 
the hole for the cases of 0° and 5° EAC. (i) Effect of increasing the number of images used for compounding on 
CNR for the cases of 0° and 5° EAC.
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Although EAC is recognized as an efficient way to suppress speckle noise in US images, it suffers from 
anatomic structure deformation and edge blurriness in compounded images captured within wide elevational 
angular views13,14. Our results demonstrate that image deformation can also occur in EAC with narrow elevational 
angles, particularly from deeper imaging positions, due to the associated increase in elevational angular width 
(Δ). Image fidelity in EAC, or in other words, accurate representation of structural features from the despeckled 
plane, is affected by interference from structures in adjacent elevational planes. We explored the trade-off between 
imaging depth and elevational angular width when employing EAC methods on targets with shapes that have 
no (cylinder), low (frustum), and high (cone) diameter gradient along the elevational direction (Fig. 3). We 
found that higher image fidelity is obtained with targets that preserve their cross-sectional appearance along 
the elevational angular width (cylinder), while image fidelity increasingly suffers for targets with intermediate 
and high diameter gradients (frustum and cone). The effect of cross-sectional variation on image fidelity was 
further validated by imaging an ex vivo chicken heart and swine kidney with REACT, which demonstrated the 
importance of accounting for the morphology of the sample for a given elevational angular width in EAC. The 
spatial resolution along elevational direction is the main limiting factor in all EAC implementation and depends 
on the total elevational beam width. Hence, out of plane signals can degrade compounding quality, particularly 
when imaging small organs. This was confirmed in our experiments, where the high variation of the cross-
sectional appearance of the chicken heart resulted in distortions in the compounded image (Fig. 3f,g), whereas 
the low variation in the cross-sectional appearance of the excised swine kidney led to speckle reduction with no 
loss in image fidelity (Fig. 4b,c). Despeckling of smaller organs using EAC could be performed by reducing the 
angular compounding width at the cost of a lower despeckling efficiency. We found through experiment that 5° 
EAC afforded high despeckling efficiency with minimal image fidelity loss in large organs, such as the kidney. 
However, determination of the optimal elevational angle width for different organs or applications is required 
to ensure the highest despeckling efficiency without significant loss of image fidelity. Future studies will be con-
ducted on optimization algorithms using quantitative image analysis to investigate the optimal compounding 
angle for specific targets. REACT could be attractive in targets with lower expected elevational variations such 
as peripheral vascular, muscle, or bone imaging.

In summary, we utilized acoustic refraction to introduce elevational angular steering into existing 1D trans-
ducer arrays and demonstrated its application in a novel implementation of EAC called REACT. Such a low-cost 
and simple compounding de-speckling method can be of great benefit in clinics to improve current US visu-
alization and interpretation during disease diagnosis. Further work aims at miniaturising ACL embodiments 
and allowing real-time despeckling by automating the position of the lens and synchronizing frames to evaluate 
REACT in a clinical context.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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Speckle reduction in ultrasound 
endoscopy using refraction based 
elevational angular compounding
Parastoo Afshari1,2, Christian Zakian1,2, Jeannine Bachmann3 & Vasilis Ntziachristos1,2*

Endoscopic ultrasonography (EUS) is a safe, real-time diagnostic and therapeutic tool. Speckle 
noise, inherent to ultrasonography, degrades the diagnostic precision of EUS. Elevational angular 
compounding (EAC) can provide real-time speckle noise reduction; however, EAC has never been 
applied to EUS because current implementations require costly and bulky arrays and are incompatible 
with the tight spatial constraints of hollow organs. Here we develop a radial implementation of a 
refraction-based elevational angular compounding technique (REACT) for EUS and demonstrate 
for the first time spatial compounding in a radial endoscopy. The proposed implementation was 
investigated in cylindrical phantoms and demonstrated superior suppression of ultrasound speckle 
noise and up to a two-fold improvement in signal- and contrast- ratios, compared to standard image 
processing techniques and averaging. The effect of elevational angular deflection on image fidelity 
was further investigated in a phantom with lymph node-like structures to determine the optimum 
elevational angular width for high speckle reduction efficiency while maintaining image fidelity. This 
study introduces REACT as a potential compact and low-cost solution to impart current radial echo-
endoscopes with spatial compounding, which could enable accurate identification and precise sizing of 
lymph nodes in staging of gastrointestinal tract cancers.

Endoscopic ultrasonography (EUS) is a real-time, minimally invasive diagnostic imaging modality with thera-
peutic applications in the gastrointestinal (GI) tract region1–7, as well as neighboring organs within 4–5 cm of 
the GI tract, such as the pancreas, liver, and lymph nodes8–10. Because of the high spatial resolution and the 
proximity to the organs, EUS is superior to spiral computed tomography (CT) and magnetic resonance imaging 
(MRI) for detecting small lesions11–13. Thus, EUS is an ideal modality to detect lymph node tumor metastasis, 
which is crucial for staging of GI tract cancers8–13.

Despite these advantages, EUS suffers from poor contrast in the mucosal layers of the GI tract wall8,9 due to 
speckle noise, which is inherent in coherent imaging and arises from the interference of the backscattered waves 
from tissue microstructures. Speckle noise hinders the identification of tissue-layer boundaries within the GI 
tract where differences in acoustic impedance are low10. Therefore, speckle degrades image quality and contrast, 
which impedes accurate identification of pathological tissues.

Post-processing techniques to remove speckle from ultrasound images often fail to reveal structures that 
were obscured by speckle in the original image14,15. In contrast, compounding methods can overcome missing 
information in individual frames by acquiring and averaging a sequence of images containing both correlated 
features and uncorrelated speckle patterns, with spatial compounding being preferred due to its higher speckle 
reduction efficiency14. To our knowledge, spatial compounding in linear EUS has only been implemented using 
azimuthal angular compounding4,10. Azimuthal angular compounding suffers from limited spatial overlap of 
images acquired from multiple transmission angles and reduced frame rates due to additional pre-processing 
for image alignment. Despite its use in linear ultrasound endoscopy, azimuthal compounding is not applicable 
for radial EUS, as the radial geometry captures the image over a full 360-degree angle in the azimuthal plane, 
which negates the option of acquiring multiple decorrelated speckle patterns. In contrast, elevational angular 
compounding (EAC), which relies on capturing partially correlated images by steering the imaging plane with 
small angular steps in the elevational direction (perpendicular to the imaging plane)16, is ideal for radial EUS 
because its geometry is suitable for capturing sequential frames in a radial configuration. In addition, EAC 
allows imaging of the same region of interest in all sequential frames, therefore eliminating the need for spatial 
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alignment, which is desirable for real time imaging16–18. However, no EAC implementations for EUS have yet 
been introduced, likely due to spatial and cost constraints. Previous implementations of EAC for traditional 
ultrasound imaging used either a two dimensional (2D) array16 or a mechanical rotating one dimensional (1D) 
array17 to provide the elevational angular imaging; however, 2D arrays are costly and images from mechanically 
rotating 1D arrays are susceptible to motion artefacts. Moreover, the need for multiple piezoelectric elements in 
2D arrays and mechanical stage in rotating 1D arrays make these implementations of EAC bulky and cumber-
some, which increases the risk of damage to the GI tract during examination. These factors prevent the translation 
of EAC to clinical EUS applications.

Our group recently introduced a refraction-based elevational angular compounding technique (REACT), 
wherein a customized refractive element imparts a fixed linear array with elevational angular steering 
capabilities18. REACT demonstrated more efficient ultrasound despeckling compared to the previous EAC imple-
mentations, primarily because the fixed transducer array minimized motion artefacts. However, the refractive 
element of the REACT prototype was designed for linear arrays, and was therefore not suitable for use in radial 
ultrasound endoscopy18.

In this work, we developed a radial implementation of REACT by using an engraved acoustic cylindrical 
refractive lens on an annular PMMA substrate to steer ultrasound waves along the elevational angle in cylindri-
cal coordinates. This development represents the first application of spatial compounding in radial EUS. Our 
radial implementation of REACT achieves elevational angular steering using a stationary 1D-array transducer, 
making it more compact to avoid potential damage to the GI tract during examination. By integrating radial 
REACT into a commercially available radial ultrasound endoscope, we image cylindrical layered phantom and 
demonstrate a two-fold improvement in contrast- and signal-to-noise ratios over uncompounded US images. 
Moreover, we characterize the optimal elevation angle of deflection for the lymph node- like structures to yield 
both high speckle reduction efficiency and image fidelity.

Methods
Image acquisition.  The implementation scheme of REACT in EUS is shown in Fig. 1a. The employed ultra-
sound imaging system (HI VISION Avius, Hitachi) utilized a convex radial 360-degree transducer array with 
central frequency of 7.5 MHz (EUP-R54AW-19, Hitachi). Filters in the software of the EUS system were deac-
tivated prior to capturing images to minimize the amount of pre-processing performed. We acquired all images 
under the same testing conditions to ensure the validity of the despeckling efficiency comparison between the 
different refractive lenses. An annular-shaped acoustic cylindrical lens (see below) was attached to a linear trans-
lation stage to provide the fixed radial transducer with the elevational angular steering capability. A motorized 
linear translation stage (MTS50-Z8, Thorlabs) was used to shift the acoustic lens at predetermined linear steps, 
δ, along the longitudinal axis of the fixed transducer to obtain different elevational angular views by virtue of 
acoustic refraction (Fig. 1b). Each longitudinal step has an approximate error of 0.7% of the step size. Com-
pounded images were attained by capturing (N = 100) sequential images from the same region of interest, yet 
at different elevational angular views with a rate of 20 frames per minute. The elevational angular field-of-view 
(FOV) of the transducer were adjusted by changing the acoustic lens’s position and radius of curvature.

Refractive element fabrication.  Figure 1c shows a schematic of the annular-shaped acoustic cylindrical 
lens. Customized acoustic cylindrical lenses were manufactured from Polymethyl methacrylate (PMMA), which 
has a speed of sound of 2750 m/s and a low acoustic attenuation of 1.4 dB/cm/MHz compared to other materials 
used for acoustic lens fabrication19,20. Solid PMMA rods with a diameter of 15 mm ± 4 µm were used as substrate 
for the acoustic lenses. A 13 mm hole was drilled through the center of the rods to allow a hollow passage for the 
convex radial 360-degree transducer array. The inner surface of each PMMA tube was later further machined 
to afford the different curvatures of the refractive acoustic lenses. The acoustic beam refracts in the elevational 
direction due to the acoustic impedance (Z) difference between the PMMA lens (Z = 3.23 × 106  kg/m2s) and 
water (the imaging medium, Z = 1.49 × 106  kg/m2s)19,20. The distance between the transducer and cylindrical 
acoustic lenses was held to ˂1 mm (while avoiding contact) to minimize the effect of multiple reflection artefacts 
on the image due to the impedance mismatch between the PMMA and water. Depending on the curvature and 
position in front of the transducer, each cylindrical acoustic lens can provide an extended elevational angle that 
corresponds to the union set of all angular deflections attained by translating the full length of the lens, l, in 
front of the transducer (Fig. 1c). The specific maximum elevational angular deflection for each lens is achieved 
when the lens is positioned at the edge of the transducer and all other deflections occur as the lens is translated 
towards the middle of the transducer. The five manufactured acoustic lenses used in this study provide maxi-
mum elevational angular deflections of 0°, 2.5°, 5°, 15°, and 30°. Here, the 0° lens serves as a control case for the 
refraction-based despeckling principle by yielding the same imaging plane in all relative positions in front of the 
transducer. To acquire the same number of images for compounding using different lenses, the translation step 
(δ) for each acoustic lens was selected by dividing the length of each lens (l) by the number of acquired images 
(N = 100; δ: 200 µm, 200 µm, 150 µm, 50 µm, 24 µm, for the 0°, 2.5°, 5°, 15°, and 30° acoustic lenses, respec-
tively). The effective deflection angle was calculated using Snell’s law as c1sinØ2 = c2sinØ1 (where c1 and c2 are the 
longitudinal wave velocities, and Ø1 and Ø2 are incidence and exit angles in materials 1 and 2, respectively)21,22 
and confirmed experimentally in a similar manner to that reported in our previous study18. (“See supplementary 
Fig. 1—Elevational angular characterization of the manufactured lenses using hydrophone and metal target”).

Imaging samples.  Two custom tube-shaped phantoms were manufactured to assess speckle reduction effi-
ciency and image fidelity. They comprised 2% agar and different concentrations of TiO2 (0.25–4%) and had 
outer diameters of 80 mm and inner diameters of 20 mm. Phantom A consisted of five agar layers with TiO2 
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concentrations of 0.25%, 0.5%, 1%, 2%, and 4%, from the outer to the innermost layer, respectively. The phantom 
contained rod-shaped holes with a 1 mm-diameter to test REACT’s ability to reveal fine structures obscured by 
speckle noise. Phantom B consisted of a single agar layer with 4% TiO2 concentration with embedded spherical 
water beads with diameters ranging between 10 and 12 mm to mimic lymph nodes-like structures in the GI 
tract23. Phantom B was used to determine the optimum elevational angular width needed for imaging lymph 
nodes to achieve both high speckle reduction efficiency and image fidelity.

Analysis method.  To attain each compounded image, 100 sequential images were captured in different 
positions of the annular-shaped acoustic cylindrical lens and compounded using a mean compound operator24. 
To perform image post-processing for despeckling of the US images, MATLAB was used to perform Frost fil-
tering, which is a commonly used speckle noise filtering technique based on an adaptive filter reported in the 

Figure 1.   REACT implementation in EUS. (a) REACT imaging acquisition configuration using radial 
transducer array. Linear translation of the annular-shaped acoustic cylindrical lens along the elevational 
direction in front of the stationary radial transducer array controls the elevational angular FOV. (b) Elevational 
angular steering in different positions of the acoustic cylindrical lens. Sound waves propagate through the 
water and lens substrate at speeds of cw and cLens, respectively, where cw < cLens. Example of an incidence angle 
and refracted angle through the lens shown in the inset. The total elevational angular FOV of the transducer 
(θE: union set of refracted elevational angular views from all positions of the acoustic lens) compared to its 
inherent elevational angular FOV (θi) is extended. (c) Schematic of annular-shaped acoustic cylindrical lens. The 
annular-shaped acoustic cylindrical lens is moved in consistent step sizes (δ), which are equal to the length of 
the acoustic lens (l) divided by the number of recorded images (N) for compounding.
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literature25–27. Processed and compounded images were compared to their respect single images to assess the 
despeckling efficiency. Circular regions of interests (ROI = 13,500 pixels in Fig. 2c, ROIs = 1950 pixels in Fig. 3a) 
within a water sphere and solid regions in the phantom were selected to derive the average (µ) and standard 
deviation (σ) of the pixel intensities in order to compute signal-to-noise ratio (SNR : µPhantom/σPhantom) and con-
trast-to-noise ratio (CNR : |µwater − µPhantom|/σwater). These indices were used as quantitative indicators of image 
improvement to evaluate the despeckling efficiency and preserving the image fidelity. The despeckling efficiency 
was also evaluated by inspecting the A-line intensity profiles of the single, processed, and compounded images.

Figure 2.   Speckle reduction by REACT in a radial geometry compared to single images, averaging, and Frost 
filtering. (a) Phantom A: a five-layered cylindrical phantom (labelled with numbers 1, 2, 3, 4, and 5 from 
inside out respectively) containing seven holes (specified with circular regions). (b–g) US images of Phantom 
A: (b) a single image recorded without an acoustic lens, (c) a single image recorded with a stationary acoustic 
lens, (d) an averaged image using 100 single images recorded with a stationary acoustic cylindrical lens (e) a 
compounded image using 100 single images recorded with a translating acoustic cylindrical lens providing 0° 
elevational deflection, (f) a single image recorded with an acoustic lens after Frost filtering, (g) a compounded 
image using 100 single images recorded with a translating acoustic cylindrical lens providing 5° elevational 
deflection. The red arrows indicate holes that are not visible in b-f. Region between two white circles in c show 
the ROI used to derive the SNR in (b)–(g). (h) A-line intensity profiles for the single, Frost filtered, and 5° EAC 
images, which were recorded along the dashed line shown in b. The blue, green, red, and gray rectangles indicate 
phantom layers 1, 2, 3, and 4, respectively. Blue arrows in g and h point to the same hole, which lies on the 
dashed line in (b).
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Results
In order to evaluate the speckle reduction efficiency of REACT in a radial geometry and verify its advantage over 
image post-processing, ultrasound images of a five-layered cylindrical phantom containing seven 1 mm-diameter 
holes (Phantom A, Fig. 2a) using a radial ultrasound endoscope were recorded and analysed. Figure 2b–g show 
single images recorded without (Fig. 2b) and with (Fig. 2c) an acoustic lens, an averaged image of 100 single 
images recorded with a stationary acoustic lens (Fig. 2d), a processed image by Frost filtering (Fig. 2f), and 
compounded images of 100 single images using a translating acoustic lenses providing 0° (as a control, Fig. 2e) 
and 5° elevational angular deflections (Fig. 2g). Visual inspection of the ultrasound images in Fig. 2b–g reveals 
noticeable speckle noise reduction with 5° EAC compared to the single images. Furthermore, the boundaries 

Figure 3.   The effect of elevational angular deflection on speckle reduction efficiency and image fidelity in 
REACT. (a) A single US image of a single-layered cylindrical phantom (Phantom B) containing spherical water 
beads to mimic lymph nodes. The white dotted circles indicate the ROIs used to derive the SNR and CNR. (b–f) 
Compounded images of Phantom B using five different cylindrical acoustic lenses with the following angular 
deflections: (b) 0°, (c) 2.5°, (d) 5°, (e) 15°, (f) 30°. The red arrow in d depicts fine structures, which are best 
resolved by 5° EAC. The blue arrow in f indicates a water bead that is barely visible due to loss of image fidelity at 
30° EAC. (g,h) The change in SNR and CNR for each deflection angle with increasing number of compounded 
images.
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of the layers and edges of the holes in the phantom are clearer upon 5° EAC compared to averaging and Frost 
filtering, as highlighted by the red arrows in Fig. 2g.

To quantify the speckle reduction performance, we calculated SNR values (Fig. 2b-g, lower right corner) for 
each image (See “Methods”, Analysis method subsection). To access a higher number of pixels within the same 
radius for the SNR calculation, a ring-shaped region within the outer layers of the phantom was selected (enclosed 
by the dashed white circles in Fig. 2c). The single image recorded with the acoustic lens (Fig. 2c) exhibits a slightly 
lower SNR than recorded without a lens (Fig. 2b) due to the acoustic attenuation and reflection induced by the 
cylindrical lens substrate. As expected, images are decorrelated by the REACT method as confirmed by the 
STD maps (see Supplementary Fig. 2). Compounding of 100 images recorded using both a stationary (Fig. 2d) 
and translating acoustic lens with a 0° elevational angular deflection (Fig. 2e) improved the SNR by 1.20 times 
compared to the single image (SNRsingle = 3.43, SNR0° EAC, stationary (averaged) = 4.11, SNR0° EAC, translating = 4.14). The 
identical SNR measured for the 0° deflection lens both when stationary and translating reflects its non-refractive 
nature, which leads to all corresponding images being in the same imaging plane (unchanged speckle pattern). 
However, due to the refractive capability of the 5° elevational angular deflection lens, the SNR obtained with 
this lens (Fig. 2g, SNR5°EAC = 9.23) was 2.69 times greater than the SNR of the single image (Fig. 2c) and 1.71 
times greater the SNR of the Frost filtered image (Fig. 2f, SNRFrost filtered = 5.37). The speckle pattern decorrelation 
is related to the elevational angular deflection obtained with the movement of the refractive lens. However, the 
linear translation of the lens results in non-uniform angular deflection across the field-of-view, as confirmed by 
the speckle pattern decorrelation obtained with the 5° EAC lens (see Supplementary Fig. 2). An optimal number 
of compounding images would be obtained by linearly translating the lens to positions that deflect the acoustic 
beam to equidistant angular steps.

Figure 2h shows the A-line intensity profiles (dashed line in Fig. 2b) for a single image recorded with lens 
(dotted black line), Frost filtered image (solid green line), and the compounded image using 5° EAC (solid red 
line). The blue, green, red, and gray rectangles in Fig. 2h indicate layers 1–4 of Phantom A, respectively. Inspect-
ing the A-line intensity profile of the single image shows high intensity variations due to presence of scatterers 
producing speckle noise. Frost filtering affords a slight dampening of the high intensity variations (solid green 
line), yet it follows the noise pattern of the main signal since it operates only on the available data in a single 
image. In contrast, these variations are strongly suppressed by 5° EAC (solid red line), regardless of the noise 
pattern of the original signal. The higher speckle noise suppression in 5° EAC is due to compounding of different 
speckle patterns acquired at different elevational angular views. The high speckle reduction afforded by REACT 
is exemplified by a hole that is only reveal upon 5° EAC (blue arrow in Fig. 2g,h).

Figure 3 depicts single and compounded ultrasound images of a single-layered cylindrical phantom con-
taining spherical water beads to mimic lymph nodes (Phantom B), which illustrate the effect of the elevational 
angular deflection on speckle reduction efficiency and image fidelity for the radial implementation of REACT. The 
compounded images were recorded using 0° (Fig. 3b), 2.5° (Fig. 3c), 5° (Fig. 3d), 15° (Fig. 3e), and 30° (Fig. 3f) 
elevational angular deflections. Compounding at 0° (Fig. 3b) results in minimal image improvement over the 
uncompounded image (Fig. 3a). Increasing the elevational compounding angle results in a decrease in speckle 
noise, but also a loss of image fidelity at high angles (15° and 30°) due to increasing elevational angular width and 
a concomitant increase in interference from structures in adjacent elevational planes (Fig. 3e,f), which manifest 
as a loss of definition of the water bead boundaries (blue arrow). Visual inspection of the ultrasound images in 
Fig. 3a–f reveals that 5° EAC yields the optimum balance between speckle noise reduction and image fidelity. 
The edges of the holes and fine structures around them are preserved and are clearest in 5° EAC (highlighted 
by the red arrow in Fig. 3d).

To quantify the effect of the elevational angular deflection on the speckle reduction efficiency and image 
fidelity in REACT, SNR was calculated using a region within the solid phantom (Fig. 3a, red dashed circle) and 
CNR was calculated using regions within and outside the solid region (Fig. 3a, white and red dashed circles); 
SNR and CNR were then plotted as a function of the number of compounded images (Fig. 3g,h). As expected, 
SNR increases with the number of compounded images for all cases, with the rate of SNR improvement increas-
ing with the elevation deflection angle. At the upper end, the SNR for 30° EAC is 3.1 times greater than 0° EAC, 
after 100 images were compounded (SNR0°EAC = 4.33, SNR 30°EAC = 13.33). This improvement results from the 
higher variation in the speckle pattern of the captured images within the higher elevational angular deflections. 
In contrast, CNR increases with an increasing number of compounded images only for the 0°, 2.5°, and 5° cases. 
CNR predominantly decreases with compounding for the 15° and 30° cases. Therefore, while higher elevational 
angular deflection results in a decrease in speckle noise (higher SNR), too great an angular deflection can cause 
severe degradation of image fidelity (lower CNR).

Discussion
The accurate diagnosis and therapeutic utility of EUS for gastrointestinal disorders is limited by the presence 
of speckle noise8,9, which hinders the identification of gastrointestinal tract layer boundaries with low acoustic 
impedance differences8. To minimize speckle artefacts, compounding methods are preferable to image process-
ing techniques because they yield both high quality images and reveal fine structures obscured by speckle noise, 
which are otherwise irretrievable using the aforementioned techniques15,16. EAC is a preferred spatial compound-
ing technique with both high despeckling efficiency and good temporal resolution, which makes it favorable for 
real time imaging18. However, tight anatomical constraints of hollow organs prevent implementation of EAC in 
EUS using 2D or tilting 1D transducer arrays. Here, we demonstrated a novel deployment of spatial compound-
ing in radial EUS by implementing REACT in a radial geometry, which can lead to image quality improvements 
in clinical EUS and enable more accurate diagnoses of GI lesions.
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Visual and quantitative inspection of the ultrasound images from a cylindrical layered phantom (Fig. 2) 
illustrates that spatial compounding in radial EUS can provide more efficient speckle reduction with retrieved 
fine structures, which are not recoverable with commonly used image post-processing techniques such as Frost 
filtering. As expected, the wider the elevational angle employed, the greater the speckle suppression in the com-
pounded image, which translates to higher SNRs (Fig. 3g). Compounded images acquired within elevational 
angular deflections of 0°, 2.5°, 5°, 15°, and 30° yielded SNR improvements of 1.27, 2.19, 2.68, 3.32, and 3.91-fold, 
respectively, compared to the single image (SNRsingle = 3.41, SNR0° EAC = 4.33, SNR2.5° EAC = 7.47, SNR 5° EAC = 9.14, 
SNR 15° EAC = 11.32, SNR 30° EAC = 13.33). The SNR enhancement is in agreement with previously reported find-
ings using a linear configuration of REACT​18. As expected, the similar SNRs obtained for averaging (Fig. 2d) 
and 0° EAC (Fig. 2e) confirmed that the uncorrelated speckle patterns are produced by effectively changing the 
elevational angular deflection using an acoustic refractive lens. Moreover, SNR in REACT has an increasing 
trend by increasing the number of images, yet at a greater rate for the 30° EAC case (Fig. 3g), owing to the widest 
elevational angular width and therefore providing images with less correlated speckle patterns.

Although higher elevational angular deflection results in higher despeckling efficiency, a trade-off between 
speckle reduction and image distortion determines the optimal compounding angle for the imaging target of 
interest18. In agreement with our previous study18, we found that out-of-plane signals can also degrade the quality 
of the elevational compounded image for radial EUS. This is relevant in particular when imaging small organs 
such as lymph nodes adjacent to the GI tract. We demonstrate an increase in SNR with wider elevational angular 
deflection in a phantom containing lymph node like structures; however, angular deflection above 5° results in 
overall degradation of CNR (Fig. 3). This drop in CNR is due to the out-of-plane artefacts and represents a loss 
of image contrast and resolution, which can affect accurate diagnosis. Our experiments suggest that 5° EAC 
provides an optimal trade-off for high despeckling efficiency with minimal image fidelity loss for lymph node-
like structures (Fig. 3).

This study demonstrates REACT as a first potential compact and low-cost solution to impart current radial 
echo-endoscopes with spatial compounding. The optimum elevational angular deflection for imaging lymph 
nodes was also investigated to achieve the best combination of despeckling efficiency and high image fidelity, 
required for accurate identification of pathological lymph nodes in the GI tract. However, the optimum extended 
elevational angular deflection that can provide high despeckling efficiency while preserving image fidelity in 
EUS depends on the size and depth of the organ imaged within the body. Hence, further studies are required 
to define the best organ-specific angular deflections. The lens material has an effect on SNR as can be seen by 
individual images captured with (Fig. 2c) and without (Fig. 2b) the acoustic lens. This is caused by the acoustic 
attenuation and reflection and could be diminished by either utilizing lower attenuating materials to manufacture 
the lens compared to PMMA (e.g. TPX) or diffractive lenses with lower effective thicknesses. To enable real-time 
despeckling in radial EUS using REACT, the translation of the lens should be automated to allow frame rates as 
high as the acquisition speed of the US imaging system. Future work will aim to translate REACT into clinical 
settings by miniaturizing and integrating the acoustic lens to the existing radial echo-endoscopes.

In summary, we demonstrate that REACT is ideally suited for radial EUS and can uniquely impart spatial 
compounding to radial ultrasound endoscopy for the first time, enabling observation of fine structures hidden 
by speckle noise. This low-cost and simple spatial compounding method can be of great benefit in clinics to 
improve image quality and contrast in current radial echo-endoscopes to heighten the accuracy in visualization 
and identification of pathological lymph nodes in staging of gastrointestinal tract cancers.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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