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Summary 

Ultrasound practices encompass a wide variety of diagnostic and interventional procedures 

that increasingly fall under a wide variety of medical specialities.  The major drawback of 

ultrasound use, is that considerable experience is required to gain the most from procedures.  

The skill of Ultrasound (U/S) operator is known to positively correlate with the number of 

scans performed.  The practice of U/S is expanding in clinical medicine, and as a 

consequence, there is an increasing demand for education and training. 

Medical phantoms and simulators are rapidly expanding and are credited with improving 

safety and reducing medical errors.  One of the most attractive areas where the medical 

phantoms and simulation systems could effectively help to achieve training goals and to 

improve practitioner skills in detection and diagnosis of variable disease is the vascular 

ultrasound applications.  Duplex ultrasound is now recognised as a gold standard for many 

cardiovascular and peripheral vessel investigations. To establish our experience to deal with 

medical phantoms and build up knowledge to help us to use theoretical physics principles, an 

existing medical phantom was used.   The Circle of Willis (CoW) replica was used to 

investigate the effects of occlusions on the cerebral blood flow in an anatomical replica of the 

circle of Willis. We succeeded to match the theoretical prediction of the peripheral resistance 

by adjusting the inlet pressure.  The total cerebral flow was 444 mL/min in our model which 

is close to mathematical predicted value of 454 mL/min. The values and distribution of the 

anterior, middle, and posterior cerebral arteries were similar to mathematical measurements 

predicted by Alastruey.   Our results suggest that the internal carotid artery (ICA) occlusion is 

more critical than the basilar artery occlusion and that the greatest reduction in the mean 

cerebral outflows occurred when the right ICA and contralateral anterior cerebral artery (A1) 

were occluded. As it  has been known that ultrasound transducer of a single crystal with a 
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frequency of around 2 MHz used for embolus detection in the Middle Cerebral Artery 

(MCA), but no specific transducer have been validated for embolus detection in Common 

Carotid Artery (CCA) yet.  We used ultrasound as a diagnostic tool and carotid phantom in a 

novel study to investigate the sensitivity and specificity of embolus detection of Pulsed 

Waved probes in continuous monitoring of the common carotid artery. This was to establish 

validity and sensitivity of these Doppler transducers to detect solid embolic particles up to the 

size of 200 µm in a phantom of the common carotid artery.  All the particles of 1000, 500, 

200 µm diameter were detected and recorded by the fast speed camera.  It was found that the 

particles of 1000µm and 500µm   were detected with 100% sensitivity by 2MHz and 4MHz 

transducers. The 200 µm particles were detected with 94% sensitivity by 2MHz and 92% 

sensitivity and high specificity by 4 MHz transducers.  The information from these studies 

could be used for the simultaneous monitoring of MCA and CCA with the use of 2 MHz 

probe to identify the active embolic signal source in patients with acute stroke.  We 

successfully established the reliability of simultaneously monitoring of embolic signal from 

two sources.  This monitoring technique could be used for monitoring patients with suspicion 

of Transient Ischemic Attack and all those who have had a stroke in acute stroke unit.   The 

information and experience gained from the above investigations were used to develop a life 

size lower limb phantom. The phantom was subsequently used with a vascular simulator for 

the lower limb blood flow studies. Additionally, this setup was used to assess the scanning 

competency of novice vascular surgeon. Tissue mimicking materials were used to create life-

size lower limb phantom that contains multilayers, skin-fat-muscle-bone and blood vessels.  

An extracorporeal circuit incorporating lower limb phantom and complex vascular simulator 

was set up to assess how effectively participants achieved training goals to improve their 

scanning skills in detection and diagnosis of peripheral  vascular diseases in a life size leg 

phantom. 
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In a series of experiments, phantoms were developed to replicate arterial stenosis and venous 

reflux. These experiments were designed to evaluate ultrasound as an assessment and training 

tool. A novel assessment tool, Duplex Ultrasound Objective Structured Assessment of 

Technical Skills (DOUSATS) was developed. A modified DUOSATS was used for simulator 

training.  Vascular residents with Novice experience of duplex ultrasound were invited to 

participate.  Participants viewed a standard instructional video separately, to demonstrate how 

ideally arterial stenosis detection should be performed, and the other video showed how 

ideally venous reflux should be measured. In both experiments, participant’s attempts were 

recorded and independently evaluated by four experts using the modified DOUSATS.  Both 

the DUOSAT score and Global rating have shown a strong agreement in measuring the 

improvement of trainee’s technical skills. However, the DUOSAT sheet has an advantage 

over global rating of content validity and constructed procedure tasks that may help the 

trainee to facilitate their achievements through a constructed systemic pathway.  Our study 

has shown a high inter-rate reliability among expert assessors. In conclusion, the medical 

phantoms with simulator system can be used as a bridge that facilitates transferring the 

knowledge and technical skills from theoretical phase to the real clinical situations. 
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TMM ------------------------------------------------------------------------Tissue Mimicking Material 

BMI ------------------------------------------------------------------------------------ Body Mass Index 
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MSP ---------------------------------------------------------------------- Medical simulated phantoms 

AAMC ------------------------------------------------- Association of American Medical Colleges 
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B-mode --------------------------------------------------------------------------------- Brightness mode 

M-mode -------------------------------------------------------------------------------------Motion mode 

PPV --------------------------------------------------------------------------- positive predictive value 
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PAD ----------------------------------------------------------------------------------- Peripheral Arterial Disease 
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                        Chapter 1
1. Introduction  

Medical phantoms and simulators are rapidly expanding in different medical disciplines, 

particularly, with high risk occupation.  It is credited with improving safety and reducing 

medical errors.  One of the most attractive areas where the medical phantoms and simulation 

systems could be effective help to improve practitioner skills in detection and diagnosis of 

variable disease is the vascular ultrasound applications.  Duplex ultrasound is now recognised 

as a gold standard for many cardiovascular and peripheral vessels tests. As a result of 

increasing demands, the radiology department does not have enough resources to cope with  

the service required and cost of ultrasound training program in a wide range of medical 

disciplines  (Cavanagh, 2005).   The traditional teaching methods based on “see one, do one, 

and teach one” (Satava, 2009)  has  limitation due to patient safety issues, different learning 

curves of the trainees , randomised occurrence of specific pathologies, and lack of formative 

and summative assessment tools and feedback.  The teaching process has revolutionized in 

response to innovative technology and increased patient awareness (Okuda et al., 2009).   

Although the diagnostic ultrasound is considered safe, however, the accurate diagnostics is 

highly operator dependent.  A high skilled ultrasound practitioner on one hand significantly 

reduces the false negative pathology that could lead to misdiagnosis, wrong referral pathway, 

and wrong treatment.  On the other hand, the false positive, which could lead to wrong 

intervention, is significantly reduced.   

 In response to this need, Simulation-based training using medical phantoms is used widely in 

point of interest ultrasound training.  The simulation-based training programs uses phantoms 

to provide a safe environment, risk-free, controlled scenarios to educate novice health care 

providers with no fear of malpractice penalty, in addition to the advantage of repetitive 
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methods, and self-assessments.  Consequently, the patients will benefit from reduced medical 

errors, the practitioner will be more skilled, confident, improved communication skills, and 

be more active in team work.  This would eventually improve health outcomes and reduce 

national health expenditure.  A previous study has shown that, wide range of different types 

of medical phantoms with simulator systems, have been used in training and teaching of 

performance in medical ultrasound for bedside emergency situations(Fodor et al., 2012, 

Burden et al., 2012, Maus, 2011, Lewiss et al., 2014).  However, there is a lack of 

information about objective structured training programs with based-evidence assessment of 

the technical ability of the operator performing the procedures, particularly, in ultrasound 

vascular studies.  There is huge interest in the adoption of skills in medical ultrasound to be 

used as a rapid assessment tool, particularly, in the emergency setting.  A reliable and a valid 

assessment tool is  required to cope with adoption ideally through formalized and structured 

training programs depending on based-evidence assessment. 

A literature review including: Medical-simulated phantoms, clinical use of ultrasound, and 

medical ultrasound simulation should be reviewed carefully to drive us to the aim of our 

study.  

1.1 Medical simulated phantoms  

Medical simulation has been defined as “an Imitation of some real thing, state of affairs, or 

process” for the practical of skills, problem solving, and judgment (Rosen, 2008) .  Medical 

simulations compose of lifelike mannequins, or physical models of part of the human body 

which can interface with computer instructors via a software program capable of imitating the 

real life medical scenarios.  It is not limited only to enhancing the practical skills of health 

practitioner, it also enhances the team work management in critical situations and situational 

awareness. In terms of patient safety and reduced medical errors, the simulation will be the 

corner stone of medical education and patient safety. The Committee on Quality of Health 
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Care in America has reported that around 98,000 patients die annually due to medical errors 

which are avoidable.  The medical errors cost the economy in the range of 17 to 29 billion US 

Dollars.  It is reported that, the main causes of medical errors referred to errors of diagnostics 

and miss-communications between health care providers (Keniston, 2011).  The main object 

of Medical simulated phantoms (MSP) are to keep patient’ safety and reduce malpractice of 

health care providers.  It gives the health care provider a chance to learn and perform their 

medical procedures with unlimited time in a similar real patient environment. It helps health 

providers to practice and develop their skills with no fear of harming the patient or 

malpractice fine.  The aim is to reduce human errors in medical professions, improve 

psychomotor skills, and improve communications and team work.  There is  proof that 

acquired skills and knowledge is deteriorated significantly after six months of resuscitation 

training program in some centres (Mosley and Shaw, 2013).  

The idea of using phantoms in medical field was adapted after successfully using flight 

simulation for long periods.   The earliest attempt was the development of physical models of 

anatomy and disease (Rosen 2008).  The first patient simulator mannequin for medical 

training was developed in the late 1960s.  After that, many companies started to produce 

sophisticated simulators which mimicked many human features such as, ability to breath, 

feeling the heartbeat, carotid and brachial pulses, in addition to physical movements 

(Bradley, 2006).  Moreover, mannequin simulators that are connected to computers could 

measure vital signs in response to physiological or pharmaceutical stimuli (Tokunaga et al., 

2010) 

 A large scope of simulated phantom designs has been proposed to be used in different 

medical applications.  The simulated phantoms could be static, or moveable in response to 

software program, or interactive change in response to the actions taken by the trainee 

(Meller, 1997).   The clinical applications include: anatomical structures, soft tissues biopsy, 
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central line insertion, venepuncture, catheterization, and medical imaging procedures.  The 

advanced technology in material and software engineering has led to the revolution of using 

simulated phantoms in medical education.  This leads to reducing the expense of simulated 

phantoms and makes cost-beneficial ratio very attractive, which enhance the potential role of 

simulated procedures to reduce the technical errors, and minimize miscommunication of the 

health provider team work. Figure 1.1 shows exponential growing in the number of simulated 

phantoms in medical education centres (Jones, 2006).  

Figure1.1: Increasing Number of medical simulation centres in the last decade in USA, 

                   Canada, and Europe.  

 

Association of American Medical Colleges (AAMC) distributed survey (2010) to 133 

medical schools and 263 teaching hospitals in the United States to evaluate the use of 

simulation in medical education.  They reported that, every teaching hospital and medical 

college has simulation facilities, wither simulation equipment, simulation centre, or simulated 

based – teaching program. The medical schools were using simulation in all four years of 

undergraduate program consistently, whereas, in teaching hospitals, high percentages of 

simulation were used in the third and fourth year.  The teaching content of simulation was 

similar in the first two years at medical schools and teaching hospitals.  The teaching content 
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is slightly different in the third and fourth years (Figure 1.2).  It has been reported that, the 

demand on computer simulation increased by 19% over the latest seven years (Morgan, 

2011). 

 

The revolution of hardware and software technology has enabled the simulation go further by 

using virtual reality simulators (Figure 1.3), which allow the trainee to practice interactive 

scenarios, and environment that mimic the real life status such as in cerebral or 

cardiovascular angiography procedures (Akaike et al., 2012) 

Figure 1.3: an example of Virtual Reality Simulation 
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Adding practical-based training to the components of competency in medical education has 

led to use in simulations as training and assessment tools. Using simulation has derived the 

focus of medical education from a time-based system to a competency–based system. The 

core competency is not limited to the knowledge and patient care as it is used in traditional 

education tools. It meets the requirement for a more complete assessment of health professionals 

including technical and professional communication skills.  

Built in the Objective Structured Assessment of surgical Skills opened the window to add 

medical phantoms and simulation systems to the curricula in a variety of medical schools and 

specialities. It has been shown to be a very effective methodology to monitor the progress in 

health provider performance. The power of phantom and simulation systems was 

demonstrated by the sustainability to monitor the improvement of skills avoiding variability 

of human body.  This could make it easier for the health provider to gain the fundamental 

skills for medical procedures.  It is mandatory for all surgical residents to pass the training 

program in using simulation systems in fundamental surgical skills as per requested by the 

American board of surgery or the applicant will not be authorized to sit the board 

examinations. Surgical complications drop significantly with increasing experience.  

Nowadays, a wide range of phantoms and simulation systems are using in different medical 

specialities for the training purposes.  Simulations reduce the probability of patient injury 

from training and novice health care providers could repeat the procedure, as it is required to 

build more confidence and can practice professional skills with rare cases which to be a long 

time to be seen on real patients.  This could create a new learning approach for experienced 

practitioners. (Satava 2009) 

The setting up of simulation centres is very costly and time consuming. Very few studies 

throughout a systematic review of 967 comparative studies were evaluating the cost of 

simulation-based medical education compared to the other instructional modalities. It showed 
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that less than 2% of the studies considered the comparative costs correlated with simulation-

based education and other educational methodology (Zendejas et al., 2013).  However, the 

cost of simulation based on the required fidelity or realism. For instance, the cost of 

simulation to do a cholecystectomy ranges from 10 to 10,000 fold, depending on the type of 

simulation whether it is from an animal, synthetic or virtual model. Advanced simulator 

centres could be estimated to cost 800,000 US Dollars, whereas in some situations, the 

outcome of training from the low fidelity is quite close to the outcome from the high one and 

much cheaper.  The level of the learner and the educational objectives should be 

compromised to optimise the usefulness of simulation-based education centres (Aggarwal et 

al., 2010). 

Medical simulation is rapidly expanding in different medical disciplines, particularly, with 

high risk occupation. It is credited with improving patient’s safety and reducing medical 

errors through repetitive procedures to acquire psychomotor skills.  One of the most attractive 

areas where the medical phantoms and simulation systems could effectively help to achieve 

training goals is the medical ultrasound.  

1.2 Medical Ultrasound 

Medical ultrasound uses high frequency sound waves which range from 1-40 MHz to 

produce dynamic visual images of organs, tissues, or blood flow inside the body. The basic 

principles of medical ultrasound based on transmitting waves from the transducer to the 

targeted body organs, then detects echoes from the targeted body organs via same transducer.  

The echo signals form mainly from the reflected and scattered transmitted waves. The 

strength of the scattered and reflected echoes depends on the acoustic impedance through the 

pathway mediums of the transmitted signals and operated frequency. The characterized of 

targeted organs extracted from the reflected echo information via a signal processing and the 
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depth of organ by calculating the time it takes for the echo signals to return to the transducer.   

This information is recorded and displayed in one of several ways dependent on the 

requirement of the operator.  

The idea of medical ultrasound has come from success of Jean-Daniel (1826) to determine 

the speed of sound in the water.  The first published article mathematically defined the basis 

of wave frequencies was in 1877, Following that,  Lazaro Spallanzani ( 1878)  discovered 

that bats have the ability to locate food and avoid obstacles through echo reflection of high 

frequency sound waves.  The development of sonar detection systems took place after 

discovering piezoelectric effects by Pierre Curie (1880) and the invention of the Diode, 

Triode, and Transistors, which give powerful wave signal amplifications. The first device of 

pulse-echo sonar was a hydrophone composed of ‘a mosaic of thin quartz crystals glued 

between two steel plates’ (the composite having a resonant frequency of about 150 KHz) 

(Woo, 1998-2002).   The use of medical ultrasound technology started with therapy 

applications rather than diagnostics.  Basal ganglia in patients with Parkinsonism were 

partially ablated by using focused ultrasound.  This is considered the earliest attempt of 

medical application of ultrasound. At the same time, an experiment using diagnostic 

ultrasound to locate brain tumours and cerebral ventricles by through- transmission 

techniques was performed by the Austrian neurologist Karl Theo Dussik and his brother 

Friederich Dussik (1942).  Unfortunately, this technique failed to show cerebral ventricles 

and it was only able to identify the margins of the skull, as the waves were not able to 

penetrate the skull bones.  However, this primitive attempt emphasises the researchers to 

investigate the reflected echoes rather than the transmitted waves.  The earliest mode of 

reflected echo was the pulse-echo amplitudes (A-mode) which was based on sending out a 

short pulse and recording the amplitude of the reflected echoes.  The strength of the 

Amplitude intensity was represented long the vertical axis, whereas, the depth of reflector 
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represented along the horizontal axis.  The early attempts to use A-mode ultrasound in 

medical diagnostics were to detect gall bladder stones (George Ludwig, 1948 as cited by woo 

1998).  A few years later, new innovation of Brightness mode (B-mode) which enables the 

production of two-dimensional sonography images resulted ultrasound to be used    

increasingly in clinical site.  Figure 1.4 represents the earliest version of A-Mode and B-

Mode ultrasound machine. 

 

Figure 1.4:  Earliest Model of A-mode and B-mode Ultrasound A (A-mode to detect gall 

 adder stone by Ludwig, B (Vidoson B-mode scanner), C (B-mode Image)

 

Many researches performed cross-sectional ultrasound images during the following decades.  

Further development of diagnostic medical ultrasound was the advent of real-time scanners 

introduced by Walter Krause and Richard Soldner in 1965. The existence of real-time 

imaging is considered to be the onset of modern ultrasound machines. A decade later the 

Doppler Effect, introduced as the basis for the construction of the device that enabled the 

visualization of blood circulation (Somer, 2004). Figure 1.5 represents Duplex ultrasound 

images that combine B-mode and Doppler measurements. 
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The modern ultrasound scanner is capable of producing images of anatomical structures in 

great detail in grayscale and of blood flows in colour in real-time.  In the last three decades 

many advanced technologies of ultrasound machines has given extended scope of medical 

ultrasound applications. The development included transducer material and construction, 

signal processing, extended field of view, state of the art 3 and 4 dimension, novel imaging 

mode such as harmonic imaging, and micro bubble contrast agents. Moreover, the new 

application of using elastography imaging which uses the change of mechanical properties to 

characterise tumours and lesion increased demands of ultrasound in breast applications 

(Thomas et al., 2006). Figure 1.6 shows ultrasound elasticity mapping used to characterize 

the breast lesion. 

Figure 1.6: Calcification of Breast lesion by using elasticity technology (Adapted from 

Thomas, Fisher, 2006)  

Figure 1.5: Duplex Ultrasound Image combined B-mode and Doppler measurement 
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The scope of ultrasound clinical applications is widely used in many medical disciplines, 

particularly in emergency medicine, paediatrics, obstetrics, and vascular surgery. 

Advancement in data Acquisition with transducer size of few centimetres and digital 

techniques introduced a high resolution handheld ultrasound machine, which makes it the 

very attractive to be used as a part of a physical examination. Recently, researcher debated if 

the small ultrasound portable machine will replace the stethoscope (Wittenberg, 2014, 

Roelandt, 2004) (Salustri and Trambaiolo, 2003).   Despite the lack of standardization for 

using ultrasound in many medical professions, a large range of pocket size ultrasound 

scanners are growing desire for many medical professions to be able to perform ultrasound 

scanning (Abu-Zidan, 2012). Diffusion of ultrasound through medical disciplines is 

illustrated in (Figure 1.6). 

 

 

Figure 1.7: Diffusion of Ultrasound modality through Medical 

disciplines (Adapted from Jim Tsung, 2011) 
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The increasing use of ultrasound modality as a first line of investigation in critical situations 

has given it a potential in medical education. The ultrasound has become part of the 

curriculum for basic medical education in many schools (Hoppmann et al., 2011).   Despite 

the evolution of ultrasound technology, patient care will be effected from the use of 

ultrasound when performed by untrained or inadequately trained individuals.  The ultrasound 

scan is highly operator dependent.  The quality of images and accurate diagnosis is dependent 

mainly on the operator skills and experience.  The cut plane of the image greatly depends on 

the transducer orientation and angle, which makes inter and intra-observer accuracy more 

difficult when it compares to other modalities.  The other main drawback of ultrasound is the 

positive and negative artefacts that can be produced and could be interpreted incorrectly with 

novice users or inadequate practitioner experience. In addition to inadequate technical skills 

could also create a serious diagnostic error.  Sensitivity, specificity, positive predictive value 

( PPV), and negative predictive value (NPV) are variable in ultrasound exams depending on 

operator skills, the size of the sample evaluated, and the nature of the organ undergoing 

examination (Pinto et al., 2013).  In a retrospective review  698 patients with traumatic 

abdominal pain were examined by an emergency physician using ultrasound machines to 

assess focused abdominal sonography for trauma ( FAST)examinations , Timothy et al 

reported that more than a third of Emergency physician who performed from 11th through 

20th FAST scanning had sensitivity less than 60% (Jang et al., 2004).  In a prospective study, 

57 patients with blunt abdominal trauma were evaluated by ultrasound and the ultrasound 

finding  compared either diagnostic peritoneal lavage or surgery, the sensitivity, specificity, 

PPV, and NPV were respectively, 96%, 67%, 94% and 75% to detect free fluid, whereas, it 

was 71%, 35%, 62%, 44% to detect the parenchymal injury (Nnamonu et al., 2013).   Many 

medical specialities lack validation standard guidelines for their training in ultrasound. There 

is a wide variation in the length of formal training and the number of scans required to be 
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eligible to do an ultrasound examination independently.  In addition to the limitations and 

technical skills, the wide variety of professional backgrounds of those practising in clinical 

ultrasound has led to a debate among the provisions of medical ultrasound services toward 

implementation of point of care ultrasound.  Point of interest ultrasound means the medical 

professional will be trained to perform focus ultrasound scanning to enhance their won 

diagnostic or involve it as a part of physical examination. Many medical care places and 

schools have used Medical simulated phantoms for their training program (Moore et al., 

2012).   

1.3 Medical Ultrasound simulation 

A non-invasive, portable, cheap and easy to use enforced ultrasound to have been used 

widely as a primary diagnostic tool in various clinical practices. The scope of practices of 

sonography within the field of medicine has grown fast to meet the demand for an ever 

increasing range of ultrasound examinations.  Over the last decade, advances in ultrasound 

technology have changed health care practices in many medical disciplines. In particularly, 

Cardiology, vascular surgery, Internal medicine, Obstetrics and gynaecology, emergency 

medicine, and paediatrics.   Ultrasound now forms an essential part of many clinical 

applications in term of patient safety and treatment management. Nowadays, ultrasound is 

performed for a specific purpose, is rapidly growing in different clinical applications.  The 

expanding use of ultrasound technology has led to this to be used by the trained and untrained 

health practitioners.   Many medical disciplines require practitioners to be provisional with 

ultrasound tools and skilled in its imaging interpretation (Sidhu et al., 2012) 

   Theoretical and practical skills of ultrasound have become a fundamental skill in variable 

clinical practices and education.  Unlike, the other medical imaging modality, the ultrasound 

is considered highly operator dependent. The sonographic finding basically depends on 
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operator technical skills.  The right ultrasound angle and precise movement of ultrasound 

transducer over three dimensions, internal organs of the patient is very critical to get the right 

diagnosis.  It produces two dimension slices of images of a targeted organ. So any misleading 

angle or a non-accurate transducer swap could lead to mis-diagnosis.  It requires coordinating 

2-dimensional images with a transducer position and motion to interpret accurately the 

images.  The ultrasound operator has to acquire appropriate theoretical knowledge and 

experience to be able to use ultrasound potentially as a diagnostic tool (Bo et al., 2010).   The 

traditional ultrasound training is done by using real time ultrasound machines to scan whether 

volunteer or real patients under direct supervision from qualified sonographers or sonologists. 

This method could affect patient care and require consent to be approved by patients.  

Moreover, it could lack of many predetermined pathologic scenarios and randomised 

pathological cases could take a considered time for the trainee to be familiarized with it.  In 

addition to the difficulty of assessing the trainees performance due to the anatomical 

variability among the individuals.  An alternative training approach is the use a simulated 
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training method.  A software-based program that contains the basic skills to applying and 

interpret ultrasound images. It combines hands on scanning with a comprehensive selection 

of educational courses and performance assessment. As the hand held sensor is rotated, the 

corresponding plane and image will be displayed. Figure 1.8 represents the computer model 

used for ultrasound training. 

Furthermore, new methodologies is using ultrasound machines to scan phantoms containing 

tissue mimicking fluids to produce 2D ultrasound images and practicing evaluation of the 

images based on identified geometrical shapes in the phantoms (Figure 1.9). 

 

 

 

Figure 1.8: Computer model Produced by Sonosim Company for Ultrasound 

. Training
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 Even though all of the previously mentioned training methods offer learners to develop their 

ultrasound skills in risk-free environments, however, it lacks training in a dynamic mode that 

shows the effect of change of ultrasound settings and correlates hand movement with  

 

observed pictures to optimise the desired images.   

A virtual reality ultrasound simulator has an advantage over the rest of the previous training 

methods in aspect to provide real time simulation of images on a physical phantom (Aiger 

and Cohen-Or, 1998).  Many types of virtual reality ultrasound simulators are commercially 

available.  It provides a free-risk, controlled and potential learning environment. Some of the 

virtual reality ultrasound simulator consist of a PC workstation, use a haptic device to control 

the probe and modular software for interaction between the operator and stored images 

(Figure 1.10 A), whereas , the others use  PC work stations, physical phantom that contain 

tissue mimicking materials that have similar acoustic and mechanical properties of the real 

human tissue , a dummy ultrasound probe with electro-magnetic tracking  to correlate the 

location and angle  of probe on the phantom, simulator software for producing pulsatile and 

steady flow system, and the data collection unit (Figure 1.10B).  The haptic device enables 

the correlation between the operator’s hand and virtual probe via measuring the force applied 

on the haptic device.  However, it has a limited working range which makes the probe 
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movement less realistic.  In the physical phantom, the electromagnetic tracking makes it 

possible to get a greater range of scanning area on the phantom. However, it could easily  

simulate the ultrasound image with slight touching.  

 Figure 1.10: A virtual ultrasound simulators, A) Haptic device.  B) Physical phantom 

 

The simulated ultrasound images are synthesized in three different ways: 

• Interpolative  

Two dimension ultrasound images constructed from previously recorded three dimension 

ultrasound volume.  This is called interpolative simulation.  This type of simulation creates 

high realistic pictures when simulated from the same position of 3D acquired data.  The 

limitation of the interpolative simulation is that it needs high number of 3D data to acquire  

any small changes of probe locations (Blum et al., 2013) 

• Generative-Image based simulation 

Using state of the art of software to simulate ultrasound images by reconstructions from 3D 

CT and MRI images, it is performed in two stages.   Firstly, construct tissue model from 
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CT/or MRI information, then create ultrasound images from the tissue model based on 

scattered distribution and the geometry of ultrasound probe. The main drawback of this 

method is limiting use to produce static ultrasound images, so it is not suitable to simulate 

small and moving anatomy such as the heart.  

 

• Generative-Model Based simulation  

Manually generated using software to create images based on fundamental linear acoustics 

and mathematical computation of the spatial impulse response. This method can build very 

detailed and 4D models for example echocardiography.  However, it is less realistic image 

and time consuming.   A standard B-mode image requires 200,000-1,000,000 scatterers to be 

able to build a realistic speckle pattern, which means , it takes around 20 minutes to build a 

one line-scan (Shams et al., 2008). 

1.4 Justification of the study  

The advanced technology of microcomputers has made a high resolution, handheld, powerful 

ultrasound machine available in most of the clinical applications. Its reliability and 

enhancement of our knowledge of early indication and pathophysiology of disease, in 

addition to its role in patient treatment management and safety enables it to be used as a first 

line diagnostic tool (Roelandt) 

The point of care focused ultrasonography is rapidly growing in a wide range of clinical 

applications.  This adoption is required to be established with a well standardized training 

program. The popular traditional method is “inefficient, unpredictable, and Expensive” 

(Levine, 2013) . Traditional method (See one, do one, and teach one) will not be sufficient to 

gain skill required proficiency due to increased quality standards, patient safety awareness, 



39 
 

and time consuming in training.  Some ultrasound procedures require the inserting the probe 

inside the body which makes the training on patients uncomfortable and very stressful, such  

in the case of transvaginal or Trans- rectal scan.   

 The ultrasound simulation is a potential education method capable to overcome the 

challenges of traditional education methods (Satava 2009).  In the last two decades the 

ultrasound training simulation has been developed for many clinical applications including 

intervention and non-intervention procedures.   Ultrasound simulation has been used in 

echocardiography including transesophageal and transthoracic. It effectively builds 

knowledge and skills that get a better understanding of heart anatomy and enhanced scanning 

protocols to get precise anatomical slices (Weidenbach et al., 2000). 

Ultrasound training simulators have been used to train on different scenarios of realistic 

settings of rare fatal anomalies, which could be seen under routine ultrasound scanning of 

real patients.  It has been used to train  ultrasound-guided amniocentesis (Smith et al., 1998).  

Heer et al (2004) conducted studies by using 24experts in gynaecological ultrasound to 

evaluate ultrasound training simulators.  The study demonstrated good consistency with 

actual scanning situation. In the second stage of the study, 24 Novice ultrasound medical 

students were asked to perform the same ultrasound procedure on simulation  to test 

affectivity of simulation training, All the students were able to demonstrate the normal 

anatomical structures and measurement accurately, with no significant different in the 

measurement when it compared with experts (Heer et al., 2004)    

Many other studies used ultrasound simulations to assess and enhance training programs in 

trauma situations.  In a prospective controlled cohort study 74 residents supplied with the 

same theory teaching material were divided into two groups.  One to be trained on real 

patients and the other group were trained by using ultrasound simulations. Both groups 
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showed significant improvement in ultrasound knowledge and interpretation. There were no 

significant differences between the two groups. Many commercial ultrasound simulation 

models have been available for training in different medical specialities; however, in a 

systemic review of 317 articles related to medical education and simulation, there were only 

14 articles containing evaluation of simulation based education in ultrasound practice 

training. Most of the studies have validated effectiveness training related skills and 

knowledge acquisition regardless of the differences in study population, sample size, or study 

design.  

Previous studies, have shown the wide spread application of virtual and physical phantom.  

However, there is a lack of information in the literature regarding the use of phantom in 

training and teaching of performance in medical ultrasound, in particular, vascular ultrasound 

based on objectives structured of technical skills.  

1.5 Hypothesis: 

A simulated life-size phantom using DUOSATS sheet as an assessment tool will measure the 

competence of trainee surgeons to perform independently and confidently ultrasound 

procedure to assess haemodynamic changes in the vasculature in various vascular disorders 

1.6 Aims and Objectives: 

1. Evaluation of circle of Willis phantom to test theoretical predictions of flow rate in 

the open replica of feeding arteries (Internal carotid arteries (ICA’s), and vertebral 

arteries (VA’s) and then test the effects of occlusion of the ICAs and Vas on cerebral 

blood flow.  

2. Evaluation of ultrasound transducer to establish the validity and reliability in 

detecting embolic signals in Common Carotid Artery (CCA). 
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3. Create Life-size lower limb phantom that contains multilayers representing skin, 

subcutaneous fat, muscle, and bone with complete vasculature. 

4. Using a novel assessment tool (DUOSATS) with life-size phantom of lower leg in a 

structured training program to assess the competence of surgeon residents to diagnose 

accurately arterial stenosis. 

5. Using a novel assessment tool (DUOSATS) with life-size phantom of lower leg in a 

structured training program to assess the competence of surgeon residents to diagnose 

accurately venous reflux. 
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Our study aims, to use phantoms in cardiovascular and lower limb pathology to investigate 

the effectiveness of using them with simulated ultrasound as a diagnostic tool for research 

and educational purposes.   

To establish our experience to deal with medical phantoms and build up knowledge to help us 

to use theoretical physics principles, an existing medical phantom was used.   The Circle of 

Willis (CoW) replica was used to investigate the effects of occlusions on the cerebral blood 

flow in an anatomical replica of the circle of Willis.  As it  has been known that ultrasound 

transducer of a single crystal with a frequency of around 2 MHz used for embolus detection 

in the Middle Cerebral Artery (MCA), but no specific transducer have been validated for 

embolus detection in Common Carotid Artery (CCA) yet.  We used ultrasound as a 

diagnostic tool and carotid phantom in a novel study to investigate the sensitivity and 

specificity of embolus detection of Pulsed Waved probes in continuous monitoring of the 

common carotid artery. This was to establish validity and sensitivity of these Doppler 

transducers to detect solid embolic particles up to the size of 200 µm in a phantom of the 

common carotid artery.   

The information from these studies could be used for the simultaneous monitoring of MCA 

and CCA with the use of 2 MHz probe to identify the active embolic signal source in patients 

with acute stroke.  We successfully established the reliability of simultaneously monitoring of 

embolic signal from two sources.  This monitoring technique could be used for monitoring 

patients with suspicion of Transient Ischemic Attack and all those who have had a stroke in 

acute stroke unit.   The information and experience gained from the above investigations 

were used to develop a life size lower limb phantom. The phantom was subsequently used 

with a vascular simulator for the lower limb blood flow studies. Additionally, this setup was 

used to assess the scanning competency of novice vascular surgeon. 
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Chapter 2 

 Ultrasound Detection of Micorembolic 
Signals in Stroke Patients   
 

2.1 Introduction  

  Stroke is simply specified as a neurological deficit attributed to an acute focal injury 

of the central nervous system (CNS) by a vascular cause(Sacco et al., 2013) .  The 

embolus is defined as a detached intravascular solid, liquid or gaseous mass that has 

travelled from its original site via blood circulation to the narrow vessels in the 

cardiovascular system.  The embolus may enter the cerebral circulation and obstruct 

blood flow to one of the narrow lumen cerebral arteries.  This may lead to trans-

ischemic Attack (TIA) or stroke.   Embolic occlusions  represent over 80% of all acute 

strokes.(Warburton et al., 2010) 

 Most strokes result from an embolus originating from the heart or carotid arteries. 

Thirty to forty percent of cases of stroke are a result of a cardiac embolism, whereas 

fifteen to twenty percent of cases of stroke result from carotid artery disease 

(Zuromskis et al., 2008, Arboix and Alió, 2010) . Stroke is the main source of adult 

disability in the United States and Europe and is the second cause of death 

worldwide(Lavados et al., 2007) .  In the UK alone, stroke is estimated to affect 

150,000 people and cost the NHS £2.8 billion (GBP) annually (Gopal, 2008). In 2007, 

British stroke patients were estimated to face worse outcomes than any other patients in 
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Europe, because of delays in treatment. Reorganisation of the NHS service to improve 

care of stroke patients has the potential to lower the economic impact and improve 

patient outcome (Markus, 2007).  

Although surgical and medical intervention can be effective in evading more serious 

stroke recurrences, there is no reliable approach to determine the efficiency of medical 

action. Only the recurrence of stroke shows failure of the medical treatment (viken L. 

Babikian, 1999).  A carotid plaque is removed by carotid endarterectomy which is used 

in eradicating the source of embolization.  Various studies have shown that stroke risk 

is higher in patients with symptomatic and asymptomatic carotid stenosis. Chambers 

and Norris, (1986) utilised trans-cranial Doppler ultrasonography (TCD) to investigate 

500 asymptomatic patients with carotid bruits for approximately two years.  They found 

that the incidence of stroke rose as the degree of carotid stenosis increased. Transient 

ischemic attack (TIA) works as a predictor of future stroke. Johnston et al, (2000) 

stated that about 15 percent of stroke patients had a history of TIA. The Oxford 

vascular study found one out of five patients with TIA, who had no treatment would 

have a major stroke within one month.  Management of patients with stroke could 

potentially be improved by determining the source and severity of embolization. 

Doppler ultrasound is a non-invasive and reproducible technique that can accurately 

visualise the motion of embolic material through the intra- and extra-cerebral arteries. 

The first reported embolic signal by TCD was in 1964, by Austen et al, during 

ultrasound examination of carotid arteries in a patient during open-heart surgery. 

Spencer et al (1990) specified emboli was detected in the middle cerebral artery in 

patients going through carotid endarterectomise.  As TCD showed promising results, 

many articles been published   A systemic review and meta-analysis of articles on the 

detection of emboli signals by TCD between January 1990 and July 2009, was 



47 
 

compared by King and Markus (2009). They found that Micro Embolic Signals (MES) 

are reliable markers for short-term risk of stroke and embolic signals.  MES are more 

common in large vessels and less common in cardio-embolic strokes. Spence et al. 

(2005) performed a one hour monitoring on two occasions within one week, and 

followed this up after two years on 319 patients with asymptomatic carotid stenosis. 

Thirty-two patients were found to have MES at the baseline TCD. They found that 

MES was present on 34 percent of patients who were MES+ during the baseline TCD, 

versus 1.4 percent of those who were MES- on the baseline TCD in the first year. In the 

second year, cases of MES+ were 9.4 percent IN the patients who were MES+ at the 

baseline TCD, versus one percent for those who were MES- at the baseline TCD. 

Figure 2.1 shows that patients who were MES+ at the baseline TCD were more likely 

to have a stroke after two years. 

 

Figure 2.1: Survival with no stroke or death with positive and negative MES at 

the baseline TCD with a follow up after two years (Adapted from spencer et al, 

2005). 

http://stroke.ahajournals.org/content/vol36/issue11/images/large/12FF2.jpeg
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Markus and MacKinnon (2005) observed for one hour ipsilateral MCA on 200 patients with 

symptomatic carotid stenosis and followed this up after 90 days. Eighty-nine- patients were 

MES+ at the baseline TCD, in which 31 of them experienced an ischemic event: (seven were 

of stroke; and 24 cases of TIA), whereas no ischemic event was diagnosed in the patients 

who were MES-.  These investigations revealed that MES provided a more reliable marker 

for short-term risk of stroke than any other conventional risk factor. Asymptomatic carotid 

stenosis patients are large in numbers, so the cost-benefit and risk-benefit ratio should be 

taken into consideration. MES positive patients with carotid stenosis will give priority to 

patients who need critical surgical intervention. Table 2. 1 shows the number of patients 

needing to undergo surgery to prevent the recurrence of stroke.  

% CAROTID STENOSIS  NO. OF PATIENTS NEEDED  

70% symptomatic carotid stenosis  

>60% asymptomatic carotid stenosis  

12 

85 

  Table2.1: Estimation number of patients needed to prevent one stroke event in one year 

(Markus, 1999) 

The occurrence of MES in patients with cardiac disorder ranges from 15 to 94 percent. The 

highest occurrence of MES was detected among cardiac disorders found in the case of 

infective endocarditis and mechanical prosthetic heart valves (Azarpazhooh and Chambers, 

2006).   

One of the main clinical limitations in the emboli detection method is that the composition 

and the size of an embolus cannot currently be determined from the embolus signal alone. - 

In stroke patients, solid emboli contain different materials such as atheroma, platelet 

aggregates, and thrombi. Therefore, the ability to differentiate solid embolic composition by 

analysing MES has potential to improve the selection of patient groups who would benefit 

from medical treatment.                                           
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Several preceding investigations have discussed the relationship between MES and 

composition of solid emboli. Mayor et al (2002) checked 71 patients with moderate- or high- 

grade stenosis to examine the association between MES and carotid plaque morphology. 

They divided plaques into five subtypes. They found that MES were more common in 

patients with anechoic/hypoechoic plaques when compared with isoechoic/hyperechoic 

plaques (P<0.01), and among multivariate analysis including existence of stroke/TIA, degree 

of carotid stenosis, plaque morphology, and plaque surface.  It was stated that only plaque 

morphology, was statistically an important risk factor for MES. Orlandi et al, (1997) studied 

55 patients with unilateral or bilateral carotid stenosis with an angiographic finding of 

ulcerated plaque. They stated that (high intensity temporary signal (HITS)) were more 

recurrent in ipsilateral MCAs of the ulcerated plaque side compared to the non-ulcerated side 

with moderate and rigorous carotid stenosis. Sitzer et al, (1995) examined 40 patients with 

high grade Internal Carotid Artery (ICA) stenosis (symptomatic and asymptomatic) were 

scheduled for carotid endarterectomy. They revealed strong relationships between plaque 

ulceration, intraluminal thrombosis and MES in the ipsilateral MCAs. However, there are 

other studies which are incompatible with this result. Stork et al, (2002) conducted a study on 

109 patients exhibiting carotid endarterctomy to examine the association between 

macroscopic carotid plaque morphology and MES. They found that there was no relationship 

between macroscopic carotid plaque characteristics and MES, and the source of MES could 

be from small platelet summative and fibrin clots which are not found microscopically                       

Markus and Brown (1993) have inserted atheroma, thrombi, and platelet aggregate particles 

with measurements as little as 0.24 mm into a carotid artery in a sheep model. They noticed 

that the highest peak the relative strength of the embolic signal increased as the size of emboli 

increased and atheromatous emboli had the greatest amplitude compared to the platelet 

emboli. According to Markus et al's results, there is considerable overlap between calculated 
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embolic blood ratios (MEBR) from various solid compositions. Consequently, it would not 

be beneficial to differentiate plaque from thrombus clinically based only on MEBR.                                                  

Currently, the source of embolization can be identified on the basis of the history of the 

patient (risk factors), clinical signs, and clinical analyses.  Rapidly determining the source of 

embolization is important in acute stroke for directing the patient to the right investigation 

and treatment procedures. In an earlier study waiting times for carotid endarterectomy in the 

UK, Halliday et al, (2009) reported that only 20 percent of symptomatic patients had surgery 

within the time allocated by the National Institute for Health and Clinical Excellence (NICE). 

Kimura, et al. (2004) studied pre- carotid surgical patients who were MES+ and MES- , and 

they found that 50 percent pre-surgical MES+ patients still had MES+ after carotid 

endarterectomy which indicated that patients have another embolic source.  Determining the 

active source of embolization may help to determine the cause of the stroke in some patients 

and improve patient management, especially if the source of stroke is located at multiple 

sites. An MES detected in the ipsilateral MCA in the presence of carotid artery disease is 

thought to be indicative of a carotid source, whereas, bilateral MES suggests a cardiac source. 

However, monitoring of the MCA is limited by difficulty of beaming ultrasound waves 

through the skull, in particular, of old people who are usually affected by calcification of 

blood vessels and skull thickness. Our proposal investigates whether MES monitoring of the 

CCA and MCA can be used as a gold standard for confirming the source of embolization in 

patients with concurrent disease, and if the MES+ patients show a higher short-term risk than 

MES- patients.  As a transducer of a single crystal with a frequency of around 2 MHz, used 

for embolus detection, in the Meddle Cerebral Artery (MCA) has been validated for a long 

time.  Therefore, our study with circle of Willis phantom will be limited to providing a 

research tool for investigating blood flow under normal physiological conditions and enhance 

our understanding of flow distribution under pathological conditions.  In the second 



51 
 

experiment, a novel study uses ultrasound as a diagnostic tool and modelling carotid phantom 

to report the sensitivity and specificity of embolus detection of Pulsed Waved probes in 

continuous monitoring of the common carotid artery. This was to establish validity and 

sensitivity of these Doppler transducers to detect solid embolic particles up to the size of 200 

µm in a phantom of the common carotid artery.  This study indicated a value of the 

simultaneous monitoring of Middle Cerebral Artery (MCA) and Common Carotid Artery 

(CCA) with the use of Doppler ultrasound, with 2 MHz probe, to identify the active embolic 

signal source in patients with acute stroke. 

2.2 Source of embolism  
Most strokes result from an embolus originating from the heart or carotid arteries.  Thirty to 

forty percent of cases of stroke are a result of cardiac embolism, whereas, fifteen to twenty 

percent of cases of stroke are due to carotid artery disease.   

2.2.1 Cardiac Surgery Source 
 Air bubbles entering the cerebral arteries may cause air embolism during cardiothoracic 

surgery putting patients at risk of neurological defects.  The prevalence of stroke ranges from 

3% to 9% after cardiac surgery according to the type and techniques of cardiac operation 

(Baufreton, 2010).  Air embolism is a rare but potentially fatal occurrence and it can occur in 

either the venous or arterial system depending on where the air enters the systemic circulation 

(Gordy and Rowell, 2013) 

It is believed that, neurogical defects to different degrees following cardiopulmonary bypass 

affect in almost 75% of patients due to gaseous microembolism. The gaseous microembolism 

is not the only main cause of neurological defects, they also  induce  inflammatory response 

of the cerebral tissues after coronary artery bypass (Reis et al., 2012). Clotting also be 

affected reported by Barak and Rodriguez.   The gaseous embolism mainly is composed of a 

gas mixture composed of Oxygen, nitrogen and carbon gas.  The severity of air embolism 
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depends mainly on many factors such as: the flow rate, speed of morbidity of airs, gas 

contents and their concentration, dissolution time and blood pressure.  During the cardiac 

surgery the membrane oxygenator induces the gaseous exchanges by diffusion. The diffusion 

of the gas depends on the pressure difference between the means of gas exchange.  The 

higher the gradient pressure, the greater the gases diffuse through the membrane oxygenator. 

The oxygen diffusion coefficient in living organisms is considered as a reference point to the 

diffusion of other gases.   The concentration of gas in blood and their speed of flow and 

solubility potentially effect the risk of microemboli.  The higher concentration of the gas and 

lower solubility remains the gas to last in blood for longer time. Gas solubility had influence 

on both of immediate number of arterioles without flow and bubble clearance time. A faster 

dissolve time showed a faster embolus clearance Therefore nitrogen gas has a higher risk to 

cause arterial embolization due to its low solubility and higher concentration in blood and 

tissue (Reis et al, 2012).  

The symptoms of air embolism varying in line with the amount of air entering the vessels and 

the termination of air bubble. The severity of symptoms range from asymptomatic to the 

complete cardiovascular collapse.  The amount of air entered to the cardiovascular and 

bubble size have a potentially adverse impact on cerebral blood flow.  Heterogeneous clinical 

presentations and sub-clinical diagnostics has increased morbi-mortality in cardiac surgery 

(Gordy, 2013).     Our literature review of many studies has shown that there is a large 

variation in the published animal models in respect to the amount of air and bubble size.  

Clinically, the fatal dose for humans has been estimated to be 3-5 ml/kg and it is estimated 

that 300-500 ml of gas introduced to the vessels at a rate of 100 ml/sec is a fatal dose for 

humans. Chung et al has reported recently in a study of approximately 18667 embolic signals 

recorded by Trans Cranial Doppler (TCD) for 10 patients during cardiac surgery that around 

85% of bubbles entering the middle cerebral arteries (MCA) are less than 100µm.  They 
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reported that roughly 0.12mL of air can enter MCA and its branches during surgery.  Despite 

the fact that this amount is lower than the volume rate that could cause acute cerebral injury 

in animal studies, however, the neurological defect could be presented related to the embolic 

size and dissolve times.  (Haines et al., 2013, Chung et al., 2015).    The embolic size and 

dissolving time are  crucial in causing acute cerebral injury According to Barak and Katz,  

they found that the gaseous bubbles less than 38 µm last a few seconds largely being 

dissolved, whereas, 1 mm bubbles is last for   5 hours approximately (Barak and Katz, 2005). 

The microemboli represented in variable quantities  in patients with post-operative cardiac 

surgery including but not limited to cardiopulmonary bypass, heart valve prosthesis whether 

it is mechanical, bioprosthetic, homograft and pulmonary autograft.  The majority of 

microemboli originating due to cardiac surgery are gaseous emboli, however, particulate 

(solid) microemboli may form within the heart. The solid microemboli presented in 15 to 

20% of the total cerebral microembolic in patients after cardiac surgery has been reported in 

the Wolf et al study (Abu-Omar et al., 2004, Guerrieri Wolf et al., 2008).   Although, the 

solid microemboli is likely to be much more dangerous, the gaseous emboli has been reported 

in many studies to have a potential damaging effect on cerebral circulation and tissue ((Hills 

and James, 1991, Gordy and Rowell, 2013) 

2.2.2 Carotid Arteries Surgery Source 
The carotid endarterectomy (CEA) and angiographic procedures such as Carotid Artery Stent 

(CAS) are associated with risk of clinically significant cerebral microemboli (Ackerstaff et 

al., 2000, Kato et al., 2003, Skjelland et al., 2009). The microemboli originate from carotid 

arteries and enter the cerebral circulation appear to be one of the main causes of stroke or 

cognitive disturbance (Mark and Newman, 2002, Skjelland et al., 2009).   Most of 

microembolic detected during CEA and CAS are gaseous whereas the solid microembolic 

counted for around 15%. The solid emboli mainly originated from platelet and fibrin-rich 
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particles that initiated by a rupture of atherosclerotic plaques. A ruptured atherosclerosis 

plaque may pass thrombogenic material originated in the subendothelium to the blood 

(Badimon et al., 1988, Babikian et al., 1994).  Some authors have suggested that the 

contribution of the number of solid emboli after CAS and angiographic procedure is 

unrelated to the occurrence of ischemic lesions (van Heesewijk et al., 2002, Rosenkranz et 

al., 2006). Conversely, other studies found an association between Microembolic signals and 

new ischemic lesion occurred post-surgical, demonstrated by diffusion-weighted MRI.  

Neurologic defects have been reported particularly in CEA (Ackerstaff et al, 2000). Most 

likely the controversy related to the association of MES and cerebral microemboli refers to 

different detection criteria, procedure techniques, the limitations to differentiate 

artefact/microembolic signals and solid/gas emboli in different clinical situations. Both 

gaseous and solid emboli may cause injury to the cerebral vessels or tissue during the cardiac 

or carotid surgeries. Management of patients with stroke could potentially be improved by 

determining the source and severity of embolization.  Doppler Ultrasound is a non-invasive, 

portable and reproducible technique that can accurately visualize motion of embolic material 

through the intra and extra cerebral arteries.  

2.3 Detection of Microembolic signals  
Rapid assessment of patients with symptoms of a recent transient ischemic attack (TIA) or 

minor stroke could help to prevent a more serious stroke. It is known that Doppler ultrasound 

is a reliable method to detect both gaseous and solid microemboli originating from the heart 

or carotid arteries. Transcranial Doppler (TCD) has been widely used in clinics to study 

cerebral emboli in different clinical applications. Those studies have resulted in more depth 

understanding the occurrence and severity of emboli in different situation.  

The transcranial monitoring using a fixed single element pulsed wave probe with a frequency 

of 2MHz, through the temporal bone window to get a good signal from the ipsilateral middle 
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cerebral artery (MCA). MES can be detected as  unidirectional intensity increase compared to 

the background blood within the Doppler frequency spectrum accompanied with a chirp, 

click or whistle sound (Dittrich et al., 2002) 

 Despite the proven evidences of improving patient’s outcome by monitoring cerebral emboli, 

the clinical value of using TCD as a surrogate predictor of cerebral stroke is still debated. 

Most likely due to the limitation of TCD to discriminate between artefact-emboli and 

determine the composition and size of embolism.   The other technical drawbacks to detect 

emboli is the long period of monitoring required in addition to intra-observer and inter-

observer variability. Embolization shows significant variation scanning time.  In patients with 

carotid artery disease, the rate of emboli is relatively low and may require one hour 

recordings, whereas, in mechanical heart valves, the rate of microemboli is high so a shorter 

recording time is needed (Blaser et al., 2004) 

Modern Doppler ultrasound units overcome many of the limitations with advanced 

technology having automated detection software with high sensitivity to detect embolic 

signals. In the patients with carotid stenosis, an automated embolus detection software 

reached a sensitivity of 85.7% and specificity of 88.9%. And for patients after carotid 

endarterctomy sensitivity was 95.4% and specificity 97.5 % (Cullinane et al., 2000).  

2.3.1 Basic Principles  
 The study of embolic signals using TCD is based on detection of High-intensity transient 

signals (HITS) followed by measurement of the backscatter power from the embolus. To 

detect the emboli, the backscatter power of emboli needs to be considerably higher than 

backscatter power of the surrounding blood. However, taking direct measurement of 

backscatter power of the embolus is not possible due to the unknown attenuation between the 

transducer and the embolus (Evans, 2003) . 
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The relative intensity increase of embolus compared to that of blood is expressed in decibels 

(dB) and can be mathematically calculated using the embolus to blood ratio theory (EBR), 

which was first calculated by Moehring and Klepper (1994), and defined as: 

                                        (1)                WHERE: 

 

The backscatter cross section of the embolus 

The backscatter cross section of the flowing blood within the sample volume 

V   = The volume of the flowing blood within the sample volume 

  = The backscatter coefficient of blood  

Decibel threshold in detecting Doppler embolic signals ranges between 3 and 12 decibels 

(Markus and Molloy, 1997).  Many attempts have been made to determine decibel threshold 

for MES detection. However, different methods of measurement may result in different 

intensity measurements for the same embolic signal.  Therefore, a specific technique should 

be implemented to achieve comparable results (Markus, 1997).  The following parameters 

should be considered to achieve comparable results : “ultrasound device, transducer type and 

size, insonated artery, insonation depth algorithms for signal intensity measurement, scale 

setting, detection threshold, axial extension of a sample volume,  Fast Fourier Transform 

(FFT) size, FFT length (time), FFT overlap, transmitted ultrasound frequency, high-pass filter 

setting, and recording time”(Dittrich, 2002). 

There are many factors which affect the detectability of an embolus. Some of them relate to 

the embolus itself, such as its size and composition and the embolus trajectory; in addition to 
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these factors the ultrasound frequency, ultrasound beam, the size of the Doppler sample 

volume and the vessel size can also play an important role. 

2.3.2 Ultrasound beam  
The ultrasound beam is generated when the transducer expands and contracts by applying an 

oscillating voltage. The best resolution results from a narrower beam width and minimal 

divergence of the beam. The ultrasound primary beam is determined based on the relationship 

between the widths of the piezoelectric source and the length of the wave.  The overall beam 

width can be manipulated by using a curved source or acoustic lens. The strongest focus 

obtained occurs when the sample volume is in the first part of the near field (Hoskin et al, 

2010) and starts to be less effective when the focal length is more than half of the near field 

length. (Kossof, 1979) 

A typical ultrasound beam for transcranial Doppler is illustrated in Figure 1. 

 

 

Figure 2.2: A typical Ultrasound beam of transcranial Doppler (Adapted from Chung, 2006). 

 

 

2.3.3 Sample Volume Length 
The effective sample volume can be theoretically calculated using two assumptions: 
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1. The sample volume is uniformly insonated 

2. Doppler signals from the tissue that are removed by High-bass filter are insignificant  

So the effective sample volume can be estimated by:  

         (2)  

WHERE: R is the vessel radius, L is the sample volume length  

                                   From equations 1 and 2  

                                                                         
LR

EEBR 2    (3) 

From equation 3, the smaller the sample volume, the higher the EBR and, theoretically, easier 
to detect an embolus ((Evans, 1999) 

 

2.3.4 Transmitted ultrasound frequency 
When the scatter target of ultrasound is very small compared to the wavelength, the scattered 

power will increase in frequency (f) to the fourth power and sixth to the particle radius (d) 

(Mark A).                                           I α f4 d6          (4)       

Blood cells and embolic particles which are smaller than the wavelength are often referred to 

as Rayleigh scatterers and scatter ultrasound uniformly in all directions (Chung, 2006). 

For the emboli with sizes that exceed the Rayleigh range,”…their backscatter power 

increases more with frequency, giving rise to an overall decrease in EBR with frequency” 

(Evans, 1999:p144). 

2.3.5 Size and composition of emboli 
The ability to measure the size and composition of intra cerebral emboli has a potentially 

positive impact to the patient outcome by enabling clinicians to analyse the occurrences, 

causes, and predict clinically a significant embolus size and composition that could pass and 

cause harm to the cerebral circulation or tissue.  Over 20 years ago, it was known that 

microemboli moving through the cerebral arteries can be detected using TCD by recording 

HITS.  The artefact/emboli and solid/gas differentiation were a point of interest to optimise 
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the clinical utility of using TCD in microemboli detection.  In the early versions of TCD 

machines, the ability of TCD to differentiate between solid and gaseous microemboli was 

very limited.  The reason refers to the fact that, the intensity of ultrasound being reflected 

from embolus depends not only on the size of embolus but also on acoustic impedance 

related to the composition of embolus itself.  Gaseous emboli have significantly higher 

acoustic impedance than solid emboli. Whereas, on the other hand the solid emboli have quite 

a similar acoustic impedance of the blood.   So the EBR will be higher in gaseous emboli 

when compared to the EBR of the same size of solid embolus. However, an overlap in EBR 

value between large solid emboli and small gaseous emboli can occur. Even more serious are 

the small gaseous emboli that are detected whereas larger and more dangerous solid embolus 

could be missed (Evans, 2003).  Moreover, solid emboli consisting of different materials 

investigations have been shown that atheroma particles give stronger MES when compared to 

the same size of platelet aggregate particles. However, it is difficult to specify whether a 

particular signal is associated with a large platelet embolus or a small atheroma embolus 

(Markus and Brown, 1993). 

Several attempts have been carried out to determine the size of microembolic detected by 

TCD. Artificial particles consisting of Platelet aggregates, atheroma or fat emboli introduced 

into rabbit’s aorta that has diameter of 2.0-2.5mm which is quite similar to the human 

cerebral arteries were detected up to the diameter of 400-1800μm (Russell et al., 1991), in a 

sheep model, an artificial particle introduced to the distal carotid arteries were detected with a 

diameter of 200μm (Markus, 1994). The particles composed of air bubble can be detected up 

to the diameter of 3μm (Dittrich, 2002).  

The scattering from gaseous and solid emboli was calculated by Lubbers and van den Berg 

and demonstrated that, whereas the backscatter of gaseous emboli increases with size, the 

same principle does not apply to solid emboli (Lubbers and Van Den Berg, 1977). 
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Conversely, Markus et al, 1994 has reported a strong correlation between increase of embolus 

size and both of signal intensity and duration in gaseous and solid particles. However, the 

increasing of Doppler signal intensity is limited by the dynamic range of TCD machine.  

Art of state TCD machines have introduced many methods to potentially distinguish 

artefacts/emboli signals and gaseous/solid compositions.  A human expert visualization  still 

used as a gold standard to detect embolic signals through reviewing the recorded signals. But, 

this is very time consuming and exposed to intra-observer and inter-observer variability. 

Many attempts have been introduced to automate differentiate between artefacts/emboli 

signals and differentiate between solid and gaseous microemboli online.  To differentiate 

between artefacts and real emboli signals two methodologies were applied. The most 

common method is to follow a set of standard criteria. A minimum characteristics should 

including:  

 Duration of embolus should be lasting less than 300 millisecond 

 Amplitude of signal should be three edibles or greater than that of background blood 

signal  

 The signal should be unidirectional within the appropriate dynamic ranges  

 The signal should be accompanied by a snap, chirp, or moan on the audible output 

based on its velocity and on the equipment used (Symposium, 1995) 

As shown through our literature review that the decibel threshold has a variation according to 

methodology that has been used in detection microemboli.  In addition to the evidence of 

limited ability of human expert to agree on MEBRs less than 7dB. The unidirectional criteria 

is very useful by adjusting the Doppler system to  not overload. The more reliable method to 

differentiate artefact/embolus signals is to use two Doppler samples at different points along 

the artery. In case of embolus signal, it will enter the volume sample 1 and after time 
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difference that can be calculated by the velocity of embolus divided by distance between the 

two different samples. In case of artefact signal, the TIH will be seen in one sample volume 

or in both simultaneously. However, for this method, it should be highly considered that the 

distance between the two samples is significantly influenced by Doppler angle. And the other 

limitation MES sometimes it could appear in only one sample (Evans, 2003) 

The difficulty of distinguishing solid from air emboli using transcranial Doppler has limited 

its use in situations where both types of emboli can occur, such as in mechanical heart valve 

patients. A solid microemboli are thought to be the most damaging.  Since different types of 

emboli have different clinical consequences and management strategies, differentiation 

between solid and gaseous microemboli has a potential impact on patient output.  Many 

attempts introduced to investigate emboli size and composition (Guerrieri Wolf et al., 2008, 

Keunen et al., 2008, Rodriguez et al., 2009, Banahan et al., 2014, Chung et al., 2015). The 

most methods that have been successful relatively, in distinguishing gaseous/solid 

microemboli based on TCD ultrasound was the frequency modulation (FM) and the dual 

frequency (DF) technique. In FM, the gaseous emboli most likely pretended to be a stronger 

variation in frequency modulation compared to the solid emboli. Smith et al (1997) used time 

domain to analyse FT to differentiate gaseous/solid particles, the surprising result was no 

particulate emboli has shown a rapid change frequency modulation which may help to 

differentiate gaseous and particulate emboli (Smith, 1997). Souchon et al (2005) referred the 

rapid change frequency modulation in gaseous particles to acoustic radiation forces (ACF). In 

theoretical models Girault et al (2011) studied whether a rapid change frequency modulation 

referred to ACF, their theoretical model has shown that gaseous bubbles resulted in a stronger 

ACF compared to the same size of solid particles.  In vitro applied studies on a theoretical 

prediction, they reported that a gaseous particles less than 100µm were successfully 

distinguished from solid particles. Nevertheless, the author reported that for a pulsatile flow, 
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the rapid chance of frequency modulation of gaseous emboli will be very complex and 

uncertain which may limit the usefulness of the technique in clinical realistic situations. The 

more successful technique is the dual frequency which is based on insonating the embolus 

simultaneously at two different frequencies, and then MEBR calculated for both of them.  

Solid microemboli has a higher MEBR with a lower frequency, whereas, conversely the 

gaseous microemboli has a lower MEBR with a higher frequency. A few validation studies 

have evaluated dual frequency techniques to distinguish a large solid particles that create 

quite similar MEBR of small gas bubbles signal. Unfortunately, clinically, the technique is 

unable to distinguish a solid particles with MEBR less than -0.83dB (Russell and Brucher, 

2006).   The accuracy is limited because of the impossibility to have the exact ultrasound 

beam shape between two different frequencies. Theoretically, the error in measurements of 

dual frequency technique due to the differences in beam shape would be in the range of 15-

30% of solid particles to be wrongly classified as gaseous (Evans, 2004).  

Both DF and ACF were tested using in vitro setup of flow phantom to discriminate between 

thrombus and plaque particles from gaseous bubbles. The study concluded that: both 

techniques were unreliable to discriminate large pieces of plaque and thrombus mimicking 

material from bubble.  

Solid microemboli are much bigger than gaseous microemboli. The smallest size of solid 

microemboli that could be detected having an approximate diameter of 80 µm, whereas the 

gaseous microemboli having 4µm detectable size. However, large backscatters of gaseous 

emboli could lead to uncertainty between large particulate and small gaseous emboli.    The 

large size of solid microemboli compared to capillaries of cerebral circulation which 

estimated to be in size of diameter 7-10 µm can cause blockage of microcirculation. Solid 

microemboli, which mainly arises from atheromatous plaque, can cause injury to the brain, 
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which may indicate as cognitive impairment. Histological studies have shown that 

microemboli contain lipid, some contain small birefringent particles, and some may contain 

aluminium or silicon leads to loss of enzymatic activities of endothelial cells leading to 

degeneration of capillaries after couple days post CPB (Brown et al., 1996). The majority of 

microemboli disappear from brain within two weeks, whereas a few can persist there for up 

to 6 months. In contrast gaseous microemboli, mainly seen in patients with prosthetic valve, 

have no harmful effect on brain (Kaps et al., 1997). 

2.3.6 Detection emboli in the yes  

The first major branch of the ICA is an ophthalmic artery. Therefore, a tiny emboli 

originating from the heart or the great vessel proximal to the ICA may be detected in the 

eyes.  Retinal arteriolar emboli are generally described as detached plaque-like lesions in 

retinal arterioles or at bifurcations. They are composed of fibrin-platelet aggregates, 

cholesterol crystals, or particles of calcified valves. They originate predominately from an 

ulcerated atheromatous carotid artery or ascending aorta plaque, calcified aortic valves, or a 

mural internal carotid thrombus, and are classified as cholesterol emboli, fibrin-platelet 

emboli or calcific emboli. Despite most of the retinal emboli being asymptomatic and 

transient after a period of time they disappear safely, however, on a rare occasion a central 

retinal occlusion may occur, and this is an emergency situation. It causes severe, sudden, 

painless loss of vision, whose treatment remains highly uncertain. Retinal arteries occlusion 

is diagnosed by examining the retina with an ophthalmoscopy.   The majority of retinal 

emboli are asymptomatic, but studies showed that retinal arteriolar emboli can be associated 

with carotid artery disease, hypertension, other cardiovascular risk factors and an increased 

risk of stroke and stroke-related, and all-cause mortality.   Cholesterol emboli are the most 

common type of emboli. Retinal arteriolar emboli prevalence ranges from 0.2% to 1.4% in 
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adults aged ≥ 40 years in a common population, coming up to 5.5% in those with 

hypertension who are smokers. 

Transient monocular blindness is recognized as a predictor for retinal and cerebral infarction. 

Many investigations have reported the correlation between retinal ischemia and ICA disease. 

Christine et al (1998) has reported that a significant ICA stenosis was detected in 73% of 

cases with retinal ischemia which may indicate that the source of microemboli was the 

ipsilateral ICA.  The symptoms of bilateral retinal ischemia may indicate the cardiac source 

microemboli (Babikian et al., 2001, Wijman et al., 1998). In a multi-ethnic cohort study of 

atherosclerosis among 4849 patients without clinical cardiovascular disease, and the 

Cardiovascular Health Study (CHS) among 5888 older subjects aged 69 to 97 years have 

concluded that:  Retinal emboli were associated with stroke mortality, but not incident 

stroke(Mitchell et al., 2005, Wong et al., 2003) 

2.4. Conclusion  

In conclusion, many techniques have been investigated to characterise and determine the size 

of microemboli which could be detected by TCD. Despite the relatively succeed to 

differentiate solid and gaseous emboli which lead to new insights providing information 

regarding embolus size and composition which may help in preventing cerebral vessels and 

tissue injuries during cardiac and carotid surgeries. However, there is still a situation where a 

mixture of small gaseous particles and solid emboli may lead to a high number of false 

positive results.  The embolus has a different compositions as per their original and 

termination, therefore, every embolus has a different treatment pathway according to the 

embolus source. A cardio-embolic most likely treated with anticoagulant medicine to prevent 

reoccurrences of stroke (Sacco et al, 2006). The findings of those studies provide 

accumulative evidence of clinical means of distinguishing between cardioembolic and carotid 
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disease sources of emboli during MES monitoring by TCD. Theoretically, it is believed that 

the cardiac source can be detected whether in both MCA’s or can be detected in CCA and 

ipsilateral MCA, whereas, the carotid emboli source will be detected by TCD in ipsilateral 

MCA. Since it has been known that transducers of a single crystal with a frequency of around 

2MHz can be used for embolus detection in MCA, there are no previous studies that have 

been investigated the detection of emboli in the common carotid artery with Pulsed wave 

(PW). The present study aims to report the sensitivity and specificity of embolus detection of 

2MHz and 4MHz PW probes in continuous monitoring of the common carotid artery.  

 

 

                                                         

 

 

 

 



66 
 

 Chapter 3

 

 

 

Effect of occlusions on cerebral blood flow in an     

anatomical replica of the circle of Willis 
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Chapter 3 

Effect of occlusions on cerebral blood 
flow in an anatomical replica of the circle 
of Willis               
 

  3.1 Abstract                                                                                          

The Circle of Willis (CoW) is the main collateral route in the cerebral circulation in the event 

that one of the arteries supplying it becomes blocked or narrowed. Many anatomical 

variations exist in the CoW which reduce its compensatory capacity and increases the risk of 

stroke and TIA, Henderson et al, (2000).Vascular phantoms provide a research tool for 

investigating blood flow under normal physiological conditions. They can also enhance our 

understanding of flow distribution under pathological conditions. This experiment aims to     

 Implement a steady flow in a physical model of CoW 

 Test theoretical predictions of flow in the open replica by timed collection from the 

replica outlet (middle cerebral artery (MCA), posterior cerebral artery (PCA) and 

anterior cerebral artery (ACA) outlet).  

 Test the effects of occlusion of the ICAs and VAs on cerebral blood flow in the open 

model.                                                           

Our model Circle of Willis was incorporated into a flow-rig producing a steady flow at a rate 

of ~454 ml/min, with a flow division between internal carotid arteries (ICAs) and basilar 

artery (BA) of 75:25% respectively. Common carotid arteries input pressure were adjusted to 

be  ~100 mmHg, to investigate flow rates in the anterior, middle, and posterior cerebral 
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arteries and to investigate the effects of occlusion of the supplying arteries in comparison to 

theoretical predictions. Our results show that the total cerebral blood flow and contribution 

flow rates of the anterior, middle, and posterior cerebral arteries were consistent with 

alastruey’s theoretical predictions. The Right MCA flow rate was lower than from the Left 

MCA .Our results suggest that the ICA occlusion is more critical than the basilar artery 

occlusion and that the greatest reduction in the mean cerebral outflows happened when the 

RT ICA and contralateral anterior cerebral artery A1 were occluded.                                   

 3.2. Background                                                                                  
To successfully implement clinically realistic flow rates of the major cerebral arteries of the 

Circle of Willis it is necessary to study the arterial anatomy and physiology of the Circle of 

Willis in vivo and review the literature describing cerebral flow rates and pressure.                                          

The Circle of Willis (CoW) is a ring-like arterial structure which sits at the base of the brain 

and plays a vital role in the distribution of the blood throughout the brain (Moore et al.2006).           

 

                                                              Figure 3.1  : The Circle of Willis

                

It is the main collateral route in the cerebral circulation, in the event that one of the arteries 

supplying the Circle of Willis becomes blocked or narrowed. The Circle of Willis can 
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preserve the cerebral perfusion well enough to avoid a stroke or transient ischemic attack 

(TIA). The internal carotid arteries (ICAs) and vertebral arteries (VAs) deliver blood to the 

CoW. The ICA bifurcates at the base of the brain to the Middle Cerebral Artery (MCA) and 

Anterior Cerebral Artery (ACA), termed the anterior circulation. The vertebral arteries join to 

form the Basilar Artery which divides into Posterior Cerebral Arteries (PCAs), termed the 

posterior circulation. The anterior and posterior communicating arteries (ACOA and PCOA) 

connect the right and left anterior and posterior circulations respectively.                                                                

Many anatomical variations exist in the CoW which reduce the compensatory capacity and 

increase the risk of stroke and TIA, Henderson et al, (2000). Around 50% of the general 

population has a complete CoW (Alpers et al, 1959). According to a study by Lippert and 

Pabst (1985), based on more than 50 radiological and anatomical studies, the most common 

anatomical variations of the Circle of Willis are below:    

(Complete Circle of Willis (49%), ACA, A1 (absent or hypoplastic) 6%, ACoA (absent or 

hypoplastic) 1%, PCA, P1 (absent or hypoplastic) 9%, PCoA (absent or hypoplastic) (9%), 

PCoA & Contralateral PCA, P1 (9%), Bilateral PCoA (absent or hypoplastic) (9%). Our 

study investigates flow in the complete Circle of Willis and in the case of ACA, A1 

occlusion. Although ACA, A1 occlusion is one of the less common anatomical variations, we 

include it in this study because of its important role in providing a collateral route.                                                                                    

Choice of normal physiological blood flow to be implemented in a patient -specific vascular 

replica is complicated, by the wide range of anatomical variations of the Circle of Willis. It is 

also known that cerebral blood flow decreases with age by 4.8 mL/min/year (Buijis et 

al.1998). Also, the morphological variability of the cerebral vascular system is related to the 

peripheral resistance of the major cerebral arteries (van der Zwan et al. 1993). A quantitative 

investigation of the variability in volume blood flow through the ACA, MCA, and PCA 
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territories shows that the territories supplied by these major cerebral arteries vary 

considerably between individuals. The mean relative volume of territories supplied by the 

ACA, MCA and PCA was estimated by injection of coloured acrylic to each of the arteries 

van der Zwan et al, (1993). The relative volumes supplied were ACA (0.26), MCA (0.52), 

and PCA (0.22). The mean outlet flows from the ACA, MCA, and PCA for different clinical 

(Tanaka et al. 2006, Fahrig et al. 1999) and theoretical (Alastruey et al. 2007) studies are 

shown in table 1.  

                                                                                                           

Study  Total CBF 
mL/min 

ACA 
mL/min 

% MCA 
mL/min 

% PCA 
mL/min 

% 

Alastruey 
et al 2007 

453.6 139.2 30.6% 207 45.6% 107.4 23.6% 

Fahrig  
et al 1999 

468 132 28.2% 240 51.2% 96 20.5% 

Tanaka  
et al 2006 

780 156 20% 468 60% 156 20% 

           Table 3.1  : The mean outlet flow of ACA, MCA, and PCA in different studies

 

The total cerebral blood flow among the studies reviewed ranges from 616 ±143 mL/min to 

858±36 mL/min with a range of 67-81%flow to ICAs and a range of 33-19% flow to 

vertebral arteries (VAs). Enzmann et al. is reported in Moore (2006) to have used cine phase-

contrast MR imaging to measure the blood flow volume of afferent and efferent arteries of 

the Circle of Willis in 10 healthy volunteers. The flow volume for the afferent arteries was 

792 mL/min, whereas flow volume for the efferent arteries was 516 mL/min. This major 

difference in volume flow of the afferent and efferent arteries cannot be explained by loss of 

fluid from smaller branches such as the ophthalmic artery and superior cerebellar artery, 

which would reduce the flow of fluid that passes through the MCA. Table 2 summarises 
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Table 3.2: Summary of clinically observed flow rates of the afferent and efferent 

arteries of CoW (+/_ Standard Deviation) 

clinical measurements of blood flow volumes in the mean arterial blood supplies of the brain 

found in previous studies.  

                    

Alastruey et al. (2007) has modelled the Circle of Willis theoretically to study blood flow in 

the Circle of Willis and to assess the effect of anatomical variations and occlusions on 
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cerebral flows. The total blood flow and contribution flow rates of ACA, MCA, and PCA 

were within acceptable physiological ranges compared to average in-vivo measurements by 

Fahrig et al (1999). Calculations by alastruey et al. (2007) suggest that occlusions of the 

vertebral arteries are far less critical than occlusions of internal carotid arteries, and that the 

greatest reduction of the mean cerebral outflows occurs when the CoW is missing an ACA-

A1 segment combined with contralateral ICA occlusion. In our experiment we chose the 

same peripheral resistances that had been used in the simulations by Alastruey et al, to test 

his theory predictions of the total cerebral blood flow, contribution rates of ACA, MCA, and 

PCA and the effect of ICA and BA Occlusion.                                                                                  

  3.3 Materials                                                                               

3.3.1 Physical phantom of the major cerebral arteries                                                       

A physical phantom of the major cerebral arteries (Elastrat, Geneva, Switzerland) based on 

patient data obtained by 3D rotational angiography was used for our study. The phantom was 

made from a silicone elastomer to be suitable for ultrasound insonation with attenuation 

coefficient for ultrasound of 3.5 dB cm
-1

 MHz
-1 

, speed of sound 1020ms
-1

, and a wall 

thickness of ~ 1 mm.                                                            

The phantom consisted of internal carotid arteries, external carotid arteries, vertebral arteries, 

basilar artery, anterior cerebral arteries, middle cerebral arteries, posterior cerebral arteries, 

anterior communicating artery (AC OA), and posterior communicating artery (PCOA).                                                                                 
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                                    Figure 3.2  :  Photo of Physical replica of CoW 

                              

  

3.3.2 Solution of 40% glycerol in water                                                          

A solution of 40% glycerol in water (density = 1.099 g cm 
-3

at 20 
o 
C, viscosity = 3.72 mPa s) 

was used for mimicking the viscosity and density of human blood (density = 1053 kg/m
3
, 

viscosity = 3 mPa s).                                                                                                                              
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3.3.3 Rig flow                                                                                                         

A silicone outlet tube (standard diameter) was used to connect a steady flow pump to our 

replica. To create a flow rate between the ICAs and VAs of ~75:25% respectively, the 

resistance of the VAs inlets should be approximately four times higher than for the ICAs. 

This can be achieved by adjusting either the length or diameter of the inlet tubes (Figure 3).       

Despite the fact, a pulsatile flow representing a true interpretation of arterial flow phenomena and  

more accurate in representing the hemodynamics flow in arteries of CoW, however, the steady flow 

has shown an acceptable degree of accuracy in terms of peak velocity phase and peak shear stresses. 

Therefore, a steady flow was used in our experiments for its simplicity in both setting up and 

analyzing the results.         

 

Figure 3.3: Flow Rig Connection to the CoW replica 
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3.4 Methods  
3.4.1 Vessels diameter                                                                                       

Internal diameter of the cerebral phantom vessels were measured from an enlarged B-mode 

image by caliper placement. The mean values were taken to reduce the error measurements. 

The measured diameters are compared to average clinical values in the following table                                       

VESSEL DIAMETER ( cm) Krabbe et al 95% of 
confidence interval Yazici et al 

Moore et al 

±Std dev 

Method Measured in replica  

B-mode ultrasonography 

96 volunteers ( 48 
female/48 male) 

Combination of computer-
aided design software and 

magnetic resonance 
angiography3D models 

RT ICA 0.5 0 0.34 – 0.37 0.47  0.06 0.472    0.026 

LT ICA 0.45 0.34 – 0.38 0.47    0.06 0.472   0.026 

RT VERT A 0.42  0.36 0.04  

LT VERT A 0.42  0.36 0.04  

BASILAR A 0.42 0.29 – 0.32  0.317 0.051 

RT MCA 0.27 0.26 – 0.28  0.286 0.017 

LT MCA 0.26 0.25 – 0.27  0.286 0.017 

RT PCA 0.18    

LT PCA 0.18    

RT ACA A1 0.23 0.22 – 0.24  0.233  0.022 

LT ACA A1 0.15 0.22 – 0.23  0.233  0.022 

RT ACA A2 0.18   0.240 0.031 

LT ACA A2 0.17   0.240  0.031 

Table 3.3: Comparison of Measured Replica diameter with Anatomical Measurement 
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We implemented a flow-rig producing steady flow of a water glycerol solution with a 

Common Carotid Artery input pressure of ~100 mmHg and peripheral resistances matched to 

those used in theoretical predictions by Alastruey et al, (2007) ( see table 4 ).             

 

 3.4.2Matching the peripheral resistance and adjust the inlet pressure         
 

The compliance of the vessels is determined by the ability of vessel walls to expand or 

contract in response to the change of gradient pressure.  A thick layer of smooth muscles in 

tunica media of arteries gave them the ability to limit the expansion and to recoil back to the 

normal size.  Therefore, as the arteries have low compliance, they can withstand a high 

pressure without significantly increasing with blood volume.  Conversely to the case with 

veins with which a minor change of gradient pressure leads to a significant change in blood 

volume. The compliance of veins is high and equivalent to 10-20 times greater than the 

arteries.  The compliance of the arteries found to be reduced with risk factors of 

cardiovascular disease (Age, diabetes, and smoking).  A reduced arterial compliance in 

response to endothelium-dependent vasodilatation reported to affect in a conduit artery, but, 

not when measuring in the resistance arteries. 

In this study, neither the compliance of CoW arteries nor autoregulation mechanism of 

cerebral arteries were in our interest.  Our goal focused on generating the total cerebral blood 

flow to match the prediction of the mathematical model of CoW, with a flow rate between 

ICAs and BA of 75:25% respectively.  And then determine blood flow volumes contribution 

of ACA, MCA, and PCA in the open replica by timed collection from the replica outlets. In 

addition to test the effects of occlusion of the ICAs and VAs on cerebral blood flow in the 

open model of CoW 
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Hillen et al, (1986) created a non-linear, 1-D model of a complete Circle of Willis and 

showed that flow rates in the ICA and VA were significantly dominated by their own 

resistance, whereas volume flow in the ACA, MCA, and PCA were dominated by the 

peripheral resistances, an appropriate choice is therefore required to mimic in vivo peripheral 

resistances. The length and diameter of the external resistance tube of the ACA, MCA, and 

PCA can be estimated using Poisseuilles law:                                                

4
8
r
lR  

 Where R is the resistance of the tube, l its length, r its radius, and   is the viscosity of the 

circulating fluid. This equation indicates that a small change in radius of the tube leads to 

large change in the resistance of the tube. Appropriate length, diameter and resistance of the 

external tube were determined and summarized in table 4 to achieve the theoretical 

prediction.   

                                                                                                

 

 

 

 

 

 

 

 

 

Vessel  Length ( m) Diameter (m) Resistance(109pa s 
m-3) 

RT ICA 0.38 4 x 10-3 0.22 
RT VA  0.20 2.4 x 10-3 0.91 
RT ACA  1.7 0 2.4 x 10-3 8.48  
RT MCA 1.20 2.4 x 10-3 5.97 
RT PCA  2.20 2.4 x 10-3 11.08 
LT ICA  0.38 4 x 10-3 0.22 
LT VA  0.20 2.4 x 10-3 0.91 
LT ACA  1.70 2.4 x 10-3 8.48 
LT MCA 1.20 2.4 x 10-3 5.97 
LT PCA  2.20 2.4 x 10-3 11.08 

Table 3.4: Resistance, Length, and Diameter of the External Tubes 
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Flows from the MCA, PCA and ACA outlets were measured by timed collection over one 

min for the following cases:  

1. Open replic 

2. Open replica with left ICA occlusion 

3. Open replica with right ICA occlusion 

4. Left ICA with contra ACA-A1 occlusion 

5. Right ICA with contra ACA-A1 occlusion 

6. Open replica with basilar artery occluded 

For all measurements the input pressure was kept constant at 100 mm Hg 

 3.5 Results           

                                                                                          
In our physical phantom of the major cerebral arteries, the total cerebral blood flow was 444 

mL/min with a flow rate between the ICAs and BA of 75:25% respectively. The contribution 

flow rates of anterior, middle, and posterior arteries matched 31:43:26 % respectively. Table 

5compares mean volume flow rates in (mL/min) calculated by weighing the outlet reservoirs 

of anterior, middle, and posterior cerebral arteries after a period of one minute of timed 

collection in all cases.       

                       
Case study  

 

COMPLETE  

CoW  

 

 

(Ml/min) 

RT ICA  

Occluded  

 

 

(Ml/min) 

RT ICA + 

CONTRA 

ACAA1 

Occluded 

( Ml/min)  

LT ICA 

Occluded 

 

 

( Ml/min)  

LT ICA + 

ONTRA 

ACCA1  

Occluded 

( Ml/min)  

Basilar 

artery 

occluded 

 

( Ml/min)  

RT ACA  70  63 4 60 3 65 4 60 4 70 2 

RT MCA 88 5 76 6 67 7 84 5 84 6 84 3 

RT PCA  60 4 56 3 53 4 60 4 61 4 55 5 

LT ACA  69 4 62 3 60 4 64 6 60 4 67 4 

LT MCA  101 6 94 4 98 5 95 5 90 6 101 3 

LT PCA 56 3 52 4 52 3 54 3 53 3 51 4 

TOTAL  444 26  403 24 390 26 422 27 408 27 428 21 

     Table 3.5: Volume flow rates after a period of timed collection (mL/min) ± standard error 
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3.6 Analysis and discussion    

                                                                      
There are many factors which can influence the distribution of flow rate in the CoW. In this 

study, both of the compliance of feeding arteries of CoW and autoregulation mechanism of 

cerebral arteries were out of scope of this study.  Our goal focused on generate the total 

cerebral blood flow should be match the prediction of mathematical model of CoW, with a 

flow rate between ICAs and BA of 75:25% respectively.  And then determine blood flow 

volumes contribution of ACA, MCA, and PCA in the open replica by timed collection from 

the replica outlets. In addition to test the effects of occlusion of the ICAs and VAs on cerebral 

blood flow in the open model of CoW.  The total cerebral flow was 444 mL/min in our model 

which is close to mathematical predicted value of 454 mL/min. The values and distribution of 

the anterior, middle, and posterior cerebral arteries are similar to mathematical measurements 

predicted by Alastruey, (2007). 

Figure 3.4: Compares the total blood flow and flow rates of ACA, MCA, and PCA between              

 our experiment (Ex) and (Th) mathematical predictions by Alastruey et al (2007).
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The RT MCA, as shown from the graph, was lower than predicted by mathematical 

predictions. This is probably because the resistance was higher on the RT side of our 

phantom. Or might be our replica is left hemispheric dominance. 

When the RT ICA was occluded, the total flow rate from timed collection from the outlets 

decreased by around 9%, and the percentage reduction of ACA, MCA, and PCA were similar 

to mathematical prediction as shown in figure 5. 

 

Figure 3.5: Compare % of reduction in flow rate when Rt ICA were Occluded 

 

When the LT ICA was occluded, the total flow rate from timed collection from the outlets 

decreased by around 5%, and the percentage of LT MCA reduction in flow rate was around 

6% in comparison to around 14% reduction of flow rate in RT MCA when the RT ICA 

occluded, which indicated asymmetry of resistance between RT and LT side in our replica. 

The worst scenario in terms of reduction in the total cerebral artery was when the RT ICA 

was occluded, combined with an occlusion of the contralateral ACA.A1.The percentage of 
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reduction flow of RT MCA, RT ACA was less than expected from Alastruey’s predictions 

shown in figure 6. 

 

Figure 3.6:% reduction of flow rates with error bars of the experiment in comparison with 
mathematical predictions (Errors are estimated around 10). 

 

This is show clearly that our replica are not symmetric left to right , it might be due to 

asymmetry in the CoW of the replica.it need most likely to be patient specific due to many 

variations of CoW. We were unable to test cases of missing anterior communication artery, 

because of its very narrowing segment 

3.7 Conclusion  
 

Input pressure and volume flows were confirmed to be consistent with published values for 

the internal and vertebral arteries. The total cerebral flow and the rate of contribution to the 

anterior, middle, and posterior cerebral arteries were consistent with mathematical prediction. 

The volume flow rate of the RT MCA was lower than that of the LT MCA. The worst 

scenario in terms of reduction in total cerebral flow was when the RT ICA was occluded, 

combined with an occlusion of the contralateral ACA.A1 which is consistent with the 

theoretical prediction (Alastruey et al, 2007).In the case of RT ICA and contra ACA.A1 

occluded, the percentage of reduction flow of RT MCA and RT ACA was less than expected. 
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                                                   Chapter 4

 

Validity and Sensitivity of 2 MHz and 4 MHz 

Pulsed Wave for Detecting Emboli in Carotid 

Phantom 
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Chapter 4 

Validity and Sensitivity of 2 MHz and 4 
MHz Pulsed Wave for Detecting Emboli 
in Carotid Phantom 
 

4.1 Abstract  

Stroke remains a serious medical condition resulting in significant mortality and disability. 

Early detection using ultrasound technology is a way forward to prevent potential strokes. It 

has been known that ultrasound transducer of a single crystal with a frequency of around 2 

MHz used for embolus detection in the Meddle Cerebral Artery (MCA), but no specific 

transducer have been validated for embolus detection in Common Carotid Artery (CCA) yet. 

Our study aims to use carotid phantom to report the sensitivity and specificity of embolus 

detection of 2 MHz, and 4 MHz 

PW probes in continuous monitoring of the common carotid artery. Our results show validity 

and high sensitivity of 2MHz and 4 MHz pulsed Doppler transducers to detect solid embolic 

particles up to the size of 200 μm in a phantom of the common carotid artery. 2 MHz probe 

was more sensitive in detection of 200 μm particles and a symmetric to MCA probe 

monitoring. Simultaneous monitoring of MCA and CCA with the use of Doppler ultrasound 

with 2 MHz probe has a potential value to identify the active embolic signal source in 

patients with acute stroke. The monitoring may help to prevent or predict future acute stroke 

events thereby preventing potentially life threatening medical condition 
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4.2 Introduction  

It has long been known that transducer of a single crystal with a frequency of around 2 MHz 

can be used for embolus detection in the MCA, but no specific transducer has been validated 

for embolus detection in CCA yet.  A few studies have investigated embolus detection in 

CCA, Spencer et al used two continuous wave (CW) transducers with different frequencies to 

monitor the CCA and ICA simultaneously in two patients with prosthetic heart valves. The 

study showed that the probe with 2.5 MHz frequency was capable of detecting emboli at a 

rate of 10 to 17 times more than from a probe with 5.0 MHz frequency (Moehring and 

Klepper 1994). Stump et al (1990) used 5 MHz Doppler probe for continuous monitoring of 

the common carotid artery and reported that, for in vitro studies, ultrasound machine with 5 

MHz, CW was capable of accurately detecting 193 µ polystyrene microspheres particles with   

high inter and intra observer reliability. And, in primary clinical use, embolic signals were 

detected in all patients monitored during cardiopulmonary bypass, whereas, no embolic 

signals were detected in healthy control subjects. (Stump, Stein et al. 1991). There are no 

previous study that have investigated detection of emboli in the common carotid artery with 

pulsed wave (PW) probes. The present study aims to report the sensitivity and specificity of 

embolus detection of 2 MHz and 4 MHz PW probes in continuous monitoring of the common 

carotid artery. 
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4.3 Materials and methods: 
 

4.3.1 Carotid Flow Phantom 

To estimate the average diameter and depth of the common carotid artery (CCA), we scanned 

10 healthy subjects, 6 males (mean age 33 ±5 years, body mass index (BMI) 23.4±3) and 4 

Females (mean age 30±4 years, BMI 24.3±2.3) (Table-1), using B-mode ultrasound (Philips 

ATL5000 HDI) with L7-4 linear array probe. The mean CCA diameter was 5.9±0.5 mm and 

depth was 17±3 mm. Figure 4.1 shows an example of B-mode image. 

Based on these measurements, a flow-phantom was constructed using an agar-based tissue-

mimicking material (TMM) which has a backscatter similar to soft tissue , attenuation was 

0.5 ±0.03 dB/cm( 0.5 dB/cm/MHz, soft tissue average ), and speed of sound 1541±3 cm/s 

(1540 cm/s in soft tissue ) (Ramnarine, Anderson et al. 2001). 

4.3.2 The tissue mimicking materials 

The tissue mimicking materials were mixed as it described below: 

82.97% water, 11.21% glycerol, 0.46% benzalkoniumchloride, 0.53% 400 grain SiC powder 

(Logitec Ltd, Glasgow, UK), 0.94% 3μm Al2O3 powder (Logitec), 3.00% Struers agar 

(Merck Eurolab, Roskildevej, Denmark)’. The ingredients were mixed in a double boiler, and 

then heated to 960C and kept in the boiler at 96oC for 3hours.  The mixture was allowed to 

cool to 42oC, which then flowed into TMM container. 

Figure 4.1: B- mode Images of the CCA (A) Diameter 
in Sagittal view (B) Diameter in transverse view (C) 
Depth in transverse view 
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C-flex tubing (Cole-Palmer, IL) with 0.56 cm diameter and 0.08 cm wall thickness were used 

to simulate the carotid artery. Although, it is known that it causes some distortion of the 

Doppler waveform (Teirlinck, Bezemer et al. 1998), C-flex tube is considered to be as one of 

the most suitable tubing materials for its acoustical and physical properties which are similar 

to those of natural arteries.  The flow-phantom was incorporated into a closed-circuit with 

roller pump to simulate the physiological flow in the carotid artery with 1 cardiac cycle/s. 

The circuit was filled with a solution of water mixed with small amount of blood-mimicking 

fluid (BMF). Figure 4.2 shows closed-loop flow-rig, and a camera that was used to record all 

the particles as they pass through the tubing but before they are detected by the probes. The 

camera was capable of recording all the particles as they passed through the tube and acted as 

a gold standard to compare the detection of particles by the probes.  

 

Microspheres particles were made from polystyrene divinylbenzene with sizes of 1000µm. 

500µm, 200µm and 50µm (Duke Scientific) were introduced into the closed-flow circuit 

through the funnel reservoir. The densities of these particles (1050 kg/m3) were similar to 

thrombus density (1060 kg/m3).   All the particles with a specific size were recorded by using 

Figure 4-2: Closed-loop flow-Rig used to simulate flow in the Carotid Artery 
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a web camera at a speed of 60frames/second; all the introduced particles were clearly seen by 

the camera except 50µm particles which were not recognized due to its size. The next step 

was to record a three minutes video clip for each specific size of the particles (1000µm, 

500µm, and 200µm), while simultaneous detecting these particles using a TCD unit with 

2MHz and 4MHz pulsed wave Doppler transducers. Specially developed software (Lingke, 

Boni et al. 2006) was used to detect and analyse the embolic signals as they passed through 

the sample volume.  The u/s probe was position on the rig where tubing depth was 15mm 

which is comparable to the depth of CCA in our volunteers.  Next, all the Doppler signals were  

transferred to the computer with a dedicated software RtmData Conversion by Lingke Fan (2006) 

which stored all the Doppler signals in the form of rtmfiles.  By using RtmData Conversion software,  

                      Figure 4.3: RtmData conversion software with basic function buttons 

Doppler signals were viewed in either the time domain or the frequency domain. Figure4. 3 shows the 

front page of the RtmData Conversion software with basic function buttons.  
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After saving the required Doppler signals in the form of rtm.files, RdRtm Manual.V2 

software was used to replay the Doppler signals and analyze the embolic signals. Figure 4 

shows the front page of RdRtmManuslv2 and basic function buttons. 

 

  

4.4 RESULTS 
 

A three minutes of video clips were recorded for each particle size using the video of emboli 

entering the phantom. All the particles of 1000, 500, 200 µm diameter were detected and 

recorded by the camera.  It was found that the particles of 1000µm and 500µm   were 

detected with 100% sensitivity by 2MHz and 4MHz transducers. The 200 µm particles were 

detected with 94% sensitivity by 2MHz and 92% sensitivity and high specificity by 4 MHz 

transducers. Figure 4-5 shows the number of particles observed by the camera during a 3 

minute recording and the number of embolic signal that were detected by TCD. 

 

Figure 4.4: RdRtmManual V2 software with function buttons 
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  Figure 4.5: Number of particles that were recorded for three minutes video clip recording 
and the number of embolic signals that were detected for the same clip. (B) % sensitivity of 
embolic signals detection for 2MHz and 4MHz  

   ######### 

 All the signals produced a characteristic chirp, click, or moan in the Doppler audio signal, 

and were of high intensity and short-duration. Figure 4-6 shows an example of Micro 

Embolic signal (MES) detected in the CCA phantom; the signal beneath the sonogram shows 

the time domain appearance of the MES 

 

 

 

 

 

 

Figure 4.6: an example of MES detected in CCA flow phantom with time 
domain display of MES corresponding to the area of sonogram above the red 
rectangle. 

A 
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Measured embolus-to-blood ratios (MEBR) were calculated for all the particles. The mean 

MEBR for 1000 µm was 20±2dB with the 4 MHz probe compared to 23±3 with the 2MHz 

probe. The mean MEBR for 500 µm was 19±3 with 4MHz compared to 23±2 with 2MHz 

probe; the mean MEBR for 200µm was 17±2 with 4MHz probe compared to 19±2 with 

2MHz probe.  Table 1 shows MEBR and signal duration for 1000 µm, 500 µm, and 200 µm  

particles with 2 and 4 MHz probes. 

 

Table 4.1  : MEBR and signal duration of the particles with 2MHz and 4MHz probes with SD

Embolic signals that were detected during systole were shorter than those detected in the 

diastole phase as shown in Figure4-6. 

Figure 4.7: the duration of two embolic signals of 500µm size, (A) at the peak-systolic, (B) at 

 the end-diastolic

 

 

 

 

Frequency 

Particle size 

4 MHz 2 MHz 

1000 µm 500 µm 200 µm 1000 µm 500 µm 200 µm 

MEB (dB) 

± SD 

20±3 19±3 17±2 23±3 23±2 19±2 

Duration (ms) 18±3 16±3 14±5 16±4 33±8 14±4 
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4.5 DISCUSSION 

The result of this study show validity and high sensitivity of 2MHz and 4MHz pulsed 

Doppler transducers to detect solid embolic particles up to the size of 200µm in a phantom of 

the common carotid artery. Theoretically, solid emboli cannot be detected unless their 

diameter is of the order of 80-120 microns (Evans).  Solid Particles of 1000 µm, 500 µm, 200 

µm, and 50 µm were used in this study.  But due to their small size, images of the 50 µm 

particles could not be detected. Both 2 MHz and 4 MHz pulsed Doppler transducer easily 

detected embolic particles of 1000µm and 500µm diameter with 100% sensitivity. For 

200µm particles, the 2 MHz transducer showed a detection sensitivity of 94%, compared to 

92% by 4 MHz transducer. This finding is consistent with theoretical predictions. In a study 

of two patients with prosthetic heart valves (Moehring and Klipper 1994), using 2.5 MHz and 

5 MHz CW Doppler probes for simultaneously observing the common carotid artery and the 

internal carotid artery, it was reported that, 2.5 MHz probes were able to detect the emboli at 

a rate of 10-17 times more frequently than with a 5MHz probe. .In our study, the 2MHz probe 

showed higher sensitivity to smaller particles. All the embolic signals that were detected 

appeared as a signal of a unidirectional, high-intensity, and of a short-duration, with a 

characteristic click, chirp and moan that can occur at any point in the cardiac cycle. 

The mean duration of embolic signals for 1000µm was18±3ms , 16±3ms for 500µm and  

14±5ms for 200µm particles using a 4MHz pulsed probe, whereas in 2MHz pulsed probe, the 

mean duration of embolic signals were  16±4ms for 1000µm, 33±8 ms for  500µm and 14±4 

ms for 200µm.  It was noticed that the mean duration of embolic signals for 500µm with 

2MHZ pulsed probe were more than double compared to the rest of emboli signals. To 

investigate whether this was related to the velocity of the embolus, the velocity of the 

embolus was calculated based on the Doppler equation and we found   no significant 
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difference in the velocity   of the embolus compared to other measurements at different sizes. 

Long duration embolic signals could also be related to the trajectory of the embolus or a 

difference in the beam position between experiments. The measured embolic blood ratios 

(MEBR) were calculated. In general, MEBR values were higher with 2MHz frequency when 

compared to 4MHz frequency which is consistent with theoretical predictions. Regarding the 

correlation of MEBR with embolic size, it was found that there was no remarkable difference 

in the mean value of MEBR between 500μm and 1000μm. Theoretically, MEBR value does 

not go up irrespective of size in the solid embolus. Figure 8 shows MEBR for 1000μm, 500 

μm, 200μm with 2 MHz and 4 MHz pulsed. 

 

 

Even though 2MHz is more sensitive with small particles and has a higher EBR, the embolic 

signal is easily saturated due to ‘cross-talk’ in the electronic and low dynamic range. Figure 8 

shows the background of the blood backscatter for 2MHz and 4MHz with the same 

parameters, except the depth of the 4MHz sample volume was 26 mm, and the depth of the 

2MHz sample volume was 30mm.  

Figure 4.8: Difference of MEBR at 2MHz and 4 MHz for solid emboli on 1000 
micron, 500 micron, and 200 micron diameter.  
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 Theoretically, it is easier to detect an embolus in the middle cerebral artery than in the 

common carotid artery because of the smaller sample volume (V = π R2L, where V sample 

volume, R the vessel radius, and L the sample volume length). (Evans 1999).  It is clear from 

these results that we can also detect emboli in the common carotid arteries with high 

sensitivity. This can be used to identify the source of emboli by simultaneous monitoring of 

emboli in the middle cerebral artery and common carotid artery. Monitoring of the CCA has 

the advantage of avoiding the distortion associated with the temporal bone window.  

4.6 Conclusion  

2 MHz and 4 MHz pulsed probes show high sensitivity in detecting emboli in a CCA 

phantom. 2 MHz probes were more sensitive to a small emboli. Our study suggested that it is 

possible to observe emboli in the CCA and MCA. Use of two probes for embolus detection in 

the CCA and MCA could help to identify whether the source of emboli is cardioembolic or 

from carotid artery disease. 

                         

 

 

 

 

 

         Figure 4.9: the background of the blood backscatter flowing in the sample Doppler 
volume of 4MHz and 2MHz.  
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Development of lower limb life size phantom and 
evaluation using digital vascular simulator 
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Chapter 5 
Development of lower limb life size 
phantom and evaluation using digital 
vascular simulator  

 5.1. Introduction
Cardiovascular diseases (CVD) are responsible for over 50% of all deaths in the UK. 

Peripheral Arterial Disease (PAD) may be the first sign of CVD. In patients with PAD there 

is a 2-4 fold increased risk of CVD.  The risk of lower limb arterial disease increases with 

age. (Excellence, 2012).  In the UK 20% of  people aged 60 years or older are suffering from 

peripheral arterial disease, 25% of them have symptoms of intermittent claudication, whereas 

20% of them have worse symptoms leading to critical limb ischemia . The number of cases of 

critical limb ischemia which required amputation is roughly between 120-500 per a million in 

the general population whether the amputation location is above or below the knee. (ESC 

guidelines, 2011)  

Current measurement techniques involve non-invasive Doppler ultrasound imaging of blood 

velocity. Such information is a prerequisite for accurate diagnosis and assessment of the 

severity of arterial disease, with all that this implies in terms of the choice of treatment that 

individual patients receive (Watts et al., 2007) 

The duplex ultrasound has 88% sensitivity and 96% specificity in detecting lower limb 

arterial stenosis of ≥50%. The sensitivity and specificity ratio increases to 90% and 99%, 

respectively, in the detection of the arterial occlusion. However, one of the major drawbacks 

of ultrasound study is the operator dependency as the hemodynamic changes in blood flow in 

cases of pathology are complicated, so the ultrasound operator needs to undergo a well 
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prepared ultrasound training program and achieve enough experience to be able to use the 

ultrasound equipment as an accurate diagnostic tool. 

 

Vascular phantoms provide a research and training tool for investigating blood flow under 

normal and physiological conditions. They can also enhance understanding of flow 

distribution under pathological conditions. It helps to optimize the ultrasound techniques, in 

addition to be used to assess the calibration of depth, lateral and axial resolution of ultrasound 

machines. 

Many designs have been achieved to produce flow within a material mimicking blood vessel 

for evaluation of Doppler ultrasound. Michie and fried produced a steady flow of up to 

26mL/min. (Hoskins, 2008).  Tamura et al, 1987 used a water tank with a set of Tygon tubing 

to produce a steady flow and measuring flow velocities and lateral, axial resolution. (Tamura 

et al., 1987) 

Many tubing materials have been used as material mimicking vessels for Doppler flow 

phantom. Most of them were unsuitable in term of acoustic and physical properties and 

producing refraction at the vessel wall. Ultrasound evaluation of different material used for 

construction of phantom must have similar properties to those in the human body in term of 

Acoustic impedance, Attenuation coefficient, and scattered properties. 

The aim of this study aims is to develop a life size phantom of lower limb to be used to 

simulate and validate normal blood flow in the major lower limb arterial and venous system 

using steady and pulsatile flow pattern. And, then to test the hemodynamic changes in cases 
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of stenosis, branches, reactive hyperemia and compare it to in-vivo study of peripheral 

arterial disease patients using Doppler ultrasound 

 

 5.2. Assessment of Biomaterials 
 

If the biomaterial is considered to be a material of natural or synthetic origin, used in contact 

 with tissue, blood or biological fluid for therapeutic, diagnostic or storage purposes (Courtney

et al 1993), the interest in biomaterial can be taken to extend for a period of greater  than 100 

years (Williams 1987). Over the years, improvements in material properties and 

manufacturing technology have stimulated an upsurge in the utilization of artificial materials 

in clinical applications, with a considerable effort directed towards artificial organs and 

medical phantoms (Sharma & Szycher 1991) 

For rapid prototyping of vessel-like phantom structures with mechanical properties in the 

range of soft tissue, a suitable material with adjustable elasticity parameters is required. The 

material needs to match mechanical properties of a vessel and enable the stable, 

homogeneous design of an arbitrary, hollow, cylindrical shape. The construction process has 

to offer repeatability and flexibility for versatile phantom model design to generate a suitable 

subset of vessel phantoms at different configurations. For further validation and experimental 

analysis, the model is preferred to be transparent to expose the behavior of an abnormality, 

such as a stenosis. Silicone rubber compounds are used in medical phantom models to 

represent soft tissue due to comparable mechanical properties. Dependent on the type of 

silicone, it is commonly available as a translucent material, which can be modelled in an 
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arbitrary form with variable mechanical properties. Using a variety of material strengths with 

different elasticity and hardness values allows for adoption of the validation model to specific 

test cases (e.g. involving validation against pathologic tissue changes). Silicone-based 

phantoms commonly feature a high tear resistance and low shrinkage over time. They retain 

their shape after multiple iterations of applying high load and can be stored without 

significant material decomposition or hardening over a long period of time.  

  5.2.1 Commercially available biomaterials 

Silicon compounds are routinely used by the entertainment industry to create special effects, 

such as wound, disfigurement etc (Fig 5.1) 

 

 

 

Figure 5.1 Two silicon compounds are mixed together and applied to the skin to create 

natural looking medical conditions. 

5.2.2 Preliminary study 
 

The reconstruction of lower limb life size phantom various grades of silicon material was 

acquired and tested in the lab for its properties with respect to ultrasound images. The test 

material was in the form of cured discs and blocks as shown in the figure 5.2 (Primasil 

Silicones Limited, UK). The selection of final material was performed in various stages. The 

first stage was to select suitable material based on its colour, texture and ultrasound 

properties, to be used for vessels, subcutaneous tissues, muscles and the skin. 
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              Figure 5.2 Showing different types of silicon material in various colors 

     Ultrasound is sound at frequencies that are above the range of human hearing: from 20 

kHz to several hundred MHz A higher frequency of ultrasound gives a better resolution, but, 

in turn, has a lower penetration power. Medical ultrasound usually uses frequencies from 

1MHz to 10MHz; however, high frequency ultrasound ranging from 20MHz to 45MHz has 

also been used in characterizing relatively shallow skin structures. Tissue boundaries can be 

distinguished because ultrasound pulses are reflected at interfaces between tissues with 

different acoustic properties. The amplitude mode (A-mode) and the brightness mode (B-

mode) are two common modes of displaying the reflected ultrasound echoes of soft tissue. 

Both of the modes involve the use of a focused ultrasound beam that interrogates tissue along 

a line in space. In A-mode, reflected echoes are represented as amplitude versus depth in one-

dimension. In B-mode, multiple equally spaced beams are used and reflected echoes are 

represented as two-dimensional brightness images whose axes correspond to the lateral and 

axial direction of the scanning plane. In this way, each column of a B-mode image can be 

considered as a form of A-mode data. Tissues with stronger reflection are represented by 

brighter intensities in both A-mode and B-mode images. Figure 5.3 shows a typical 

appearance of human subcutaneous tissue in B mode ultrasound scan. 
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                     Figure 5.3: Human subcutaneous tissue in ultrasound B mode scan  

                                                                                     

 

 

 

      Figure 5.4: B-Mode appearance of different types of silicon material 

The figure 6.4 above shows examples of grey scale ultrasound of various types of silicon 

material. Various factors were taken into account including ultrasound   attenuation Imperial 

Uzoma and scattering properties that normally contribute to diagnostic information in 

medical ultrasonography. In gray-scale imaging, these tissue characteristics are gleaned from 

variation in image brightness. Of the various material tested, Silicon Platsil Gel and Silicon 
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Transil was selected.  These 2 products were available in a variety of grades depending on its 

usage.  Several combinations were tested for skin, subcutaneous tissue and the muscle layers. 

The Table 5.1 shows various grades of Platsil and Transil that were tested. 

Sample 

Number 

 

Silicone Used 

Silicone 

Additive/s Pigment 

Scatter 

Material/s 

Other 

Notes 

Platsil gel 10 

1 

 

Platsil Gel 10 

(50g) none none 

none - air 

bubbles 

not 

degassed 

2 

 

Platsil Gel 10 

(58g) 

Silicone Fluid 

(10%) none none 

not 

degassed 

3 

 

Platsil Gel 10 

(48g) none none 

marble filler 

(17%) 

not 

degassed 

4 

 

Platsil Gel 10 

(52g) none none Sand (18%) 

not 

degassed 

5 

 

Platsil Gel 10 

(52g) none none Scatter 1/2 tsp 

not 

degassed 

6 

 

Platsil Gel 10 

(52g) none none 

Ballast 

Granite (12%) 

not 

degassed 

7 

 

Platsil Gel 10 

(54g) none none 

Aluminium 

powder (4%) 

not 

degassed 

8 

 

Platsil Gel 10 

(50g) none none Brass (6%) 

not 

degassed 

9 

 

Platsil Gel 10 

(50g) none none 

Synthetic Onyx 

powder(6%) 

not 

degassed 

10 

 

Platsil Gel 10 

(48g) 

Silicone Fluid 

(11%) pigment 

Ballast 

Granite (5%) 

not 

degassed 

11 

 

Platsil Gel 10 

(46g) 

Thixo (25 

drops) pigment 

Sand (13%), 

Synthetic Onyx 

(5%) 

not 

degassed 

12 

 

Platsil Gel 10 

(42g) none pigmnet 

Brass (15%), 

Synthetic Onyx 

(5%) 

not 

degassed 

13 

 

Platsil Gel 10 

(46g) 

Silicone Fluid 

(16%) pigment 

Synthetic Onyx 

(10%), Brass 

(10%), Sand 

(16%) 

not 

degassed 

14 

 

Platsil Gel 10 

(46g) 

Silicone Fluid 

(13%) pigment 

Scatter (1 tsp), 

Marble Filler 

(24%) 

not 

degassed 

15 

 

Platsil Gel 10 

(52g) 

Silicone Fluid 

(13%) pigment 

Sand (18%), 

Scatter (1 tsp) 

not 

degassed 

16 

 

Platsil Gel 10 

(64g) 

Silicone Fluid 

(10%) pigment 

Aluminum 

powder (4%), 

Ballast 

Granite (10%) 

not 

degassed 

              

Transil 40-I           

17 

 

Transil 40-1 

(51g) none none none degassed 

18 

 

Transil 40-1 

(52g) none none 

Synthetic Onyc 

(29%) degassed 

19 

 

Transil 40-1 

(51g) none none 

Marble Filler 

(32%) degassed 

20 

 

Transil 40-1 

(44g) none none Sand (37%) degassed 

21 

 

Transil 40-1 

(50g) none none 

Ballast 

Granite (16%) degassed 

22 

 

Transil 40-1 

(45g) none none 

Aluminum 

Powder (9%) degassed 
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23 

 

Transil 40-1 

(50g) none none Brass (14%) degassed 

24 

 

Transil 40-1 

(44g) none none Scatter (2 tsp) degassed 

25 

 

Transil 40-

1(48) Thixo (10%) pigment none degassed 

Sample 

Skin, Muscle / 

Fat Layer/s Silicone Used 

Silicone 

Addative/s Pigment 

Scatter 

Material/s 

Other 

Notes 

A Skin 

Platsil Gel 10 

(50g) none pigment 

Synthetic Onyx 

(8%) 

not 

degassed 

 

Fat 

Platsil Gel 10 

(50g) 

Silicone Fluid 

(32%) none 

Brass (12%), 

Sand (18%) degassed 

 

Muscle 

Transil 40-1 

(175g) none none 

Brass (5%), 

Marble Filler 

(6%) degassed 

       

B Fat 

Ecoflex 0030 

(28g) Slacker (30g) none Cellulose degassed 

 

Muscle 

Soma Foama 

25 (28g) Slacker (30g) Pigment Cellulose 

not 

degassed 

       

C Vessel Latex Primer no.3 

   

 

Fat 

Ecoflex 0030 

(40g) 

Silicone fluid 

(40g) none cellulose degassed 

 

Muscle 

Soma Foama 

25 (20g) 

Silicone fluid 

(30g) pigment cellulose 

not 

degassed 

       

D 

 

Soma Foama 

25 (6g) Slacker (9g) none none 

not 

degassed 

E 

 

Soma Foama 

25 (12g) 

Silicone Fluid 

(18g) none none 

not 

degassed 

       

F Skin Ecoflex 0030 none pigment none 

not 

degassed 

 

Fat 

Ecoflex 0030 

(56g) Slacker (99g) none cellulose degassed 

 

Muscle 

Soma Foama 

25 (73g) Slacker (146g) Pigment Cellulose 

not 

degassed 

 

Vessel Latex PVA coated 

   

G Skin 

Dragon skin 

20 none pigment none 

not 

degassed 

 

Fat 

Ecoflex 0030 

(186g) Slacker (93g) none cellulose x8 degassed 

 

Muscle 

Ecoflex 0030 

(318g) none none cellulose x4 degassed 

 

Vessel silicone none blue pigment none 

Perforator 

sample 

H Skin 

Dragon skin 

20 none pigment none 

not 

degassed 

 

Fat 

Ecoflex 0030 

(180g) Slacker (135g) none cellulose x4 degassed 

 

Muscle 

Ecoflex 0030 

(290g) none none cellulose x2 degassed 

 

Vessel silicone none red pigment none 

balloon 

sample 

             The Table 5.1 shows various grades of Platsil and Transil that were tested. 
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 Several combinations were tried to investigate the material properties with regards to 

hardness, cure time, colour, viscosity and shrinkage.  A series to single material mould and a 

composite material moulds were tested for their suitability.  An example  in Figure 5.5 shows  

a block mould made from Platsil Gel 10 (46g) for the upper layer (cream colour)  and Transil 

40-1 (51g) for the subcutaneous transparent layer. 

       Figure 5.5: A two layered composite block made from Platsil and Transil silicon 

                  Figure 5.6: Showing composite silicon block with latex tubing 

In the next experiment, a vessel was formed using PVA coated Latex, and this vessel was 

then imbedded within the Platsil and Transil block to create a vascular phantom (Figure 5.6 

and Fig 5.7).  The trial phantom was tested to for its ultrasound properties, and was then 

exposed to normal laboratory environment for a period of 1 week to assess its shrinkage and 

any loss of ultrasound properties.   Several different combinations of silicon material were 

tried and tested to establish an ideal combination of material. 
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                           Figure 5.9:  Composite block after 7 days in the laboratory 

Shrinkage of material was one the major problem as shown in the figure 6.9.  So series of 

single material and composite material of different grades of silicon was investigated. From 

the list above Platsil gel 10 (50g) and Transil 40-1 (44g) was found to be the most suitable 

material for forming and a stable block which was to be used for phantom construction. 

Figure 5.7: Showing silicon block as in figure6.6 above, cut away 

section to show tubing 

    Figure 5.8: Composite material including a skin layer 
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These were chosen from the rest of the silicone rubbers for their exceptional mechanical 

properties, fast mixing, and easy processing, low viscosity, outstanding transparency and 

accurate reproduction of details.  Table 5.2 shows the properties of this this material 

. 

 

  

 

 

 

 

 

 

                                Table 5.2 specifications of Platsil 10 gel and Transil 40-1 

 

Many models of Platsil 10 and transil40-1 were made with different silicone additive and 

Backscatter materials to optimise resolution and maximize the depth of ultrasound 

penetration.  These model phantoms were then scanned by ultrasound using 10MHz linear, 

7MHz linear, and 5MHz curved probes.  

  

 Platsil gel 10 Transil 40-1 

Mix ratio 1A : 1B  1A: 10B 

Shore hardness A10 A38 

Pour time 6 min 95 min  

Demould time 30 min 24 hours  

Total cure time 24 hours  Minutes to hours  

Colour Translucent Transparent  

Viscosity 15000 35000 

Specific gravity 1,10 1,08  

Linear shrinkage Nil  0.004in./in 
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Figure 5.10: Ultrasound appearance using additives. Backscatter of Platsil, platsil+10% 

silicone, plastile + scatter materials 

The figure 5.10 shows the ultrasound images of model phantom made of silicon material 

when different types of additives were used to enhance the image quality. 

                 PLATSI10          SOAMA FOMA        PLATSIL + MARBLE FILLER                          

Figure 5.11: Model phantom made of composite silicon material and additives 

 

The figure 5.11 shows the ultrasound images obtained from a model phantom made from 

composite material and using various types of additives to mimic subcutaneous tissues. 
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5.2.3 Silicone Vessel Phantom Design Process 
 

A vessel phantom is constructed by applying multiple layers of liquid silicone rubber onto a 

three dimensional structure representing the lumen of the vessel. Particular care is required to 

achieve an appropriate thickness of the material. By using a representation of the inner 

lumen, any artificial or patient-specific vessel structure can be reconstructed with this 

procedure in a chosen vessel thickness with variable mechanical properties. Figure 5.12 

shows initial prototypes of vessel phantoms and corresponding material samples, which were 

used to determine mechanical properties of each silicone compound. 

Figure 5.12:  Formation of vessel phantom 

 

Several more model phantoms were constricted with one or two vessels in-situ. All these 

models were assessed for their ultrasound properties. Figure 6.xx shows model phantoms 

made from single or composite silicon material with vessel, Block A is made of Plastil + 

silicon additive,  and B is made  of  Transil +silicon additive figure  6.x1 shows the 

ultrasound appearance of these models using linear array 7-9MHz transducer 
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Figure 5.13: Composite model phantoms with signle and doulble veeesl   

                       
 

                        
 

Figure 5.14: Ultrasound images of block phantoms as in Fig 6.12 
 
Transil40-1 mixed with 16% silicone fluid showed higher resolution when compared toPlastil 

10 when it is mixed with same percentage of silicone fluidThe next stage was to construct a 

multilayers block phantoms with all components of ‘human tissues including skin, 

subcutaneous tissue/fat and muscles. Additionally, these models also had both deep and 

superficial vasculatures to represent anatomically accurate features of a segment of a human 

Transil40-1 mixed with 16% silicone fluid showed higher resolution when compared toPlastil 

10 when it is mixed with same percentage of silicone fluidThe next stage was to construct a 

multilayers block phantoms with all components of ‘human tissues including skin, 

subcutaneous tissue/fat and muscles. Additionally, these models also had both deep and 

superficial vasculatures to represent anatomically accurate features of a segment of a human 

lower limb. Platsil 10 with additives was used for the formation of skin, Silicon fluid was 

A B 
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used to form a fat/subcutaneous layer and Transil 40-1 with additives was used to the muscle 

layer.  During the preliminary evaluation of the materials, the composition of fat layer  

demonstrated variation of feature when scanned with ultrasound. For the final evaluation, two 

different materials were separately used for the fat layer, one was Echoflex0030 and the othe 

Platsil gel-10 con 50g 

   

                       

 

 

 

                             

 

Figure 5.15:  Final stages of Model phantom with artery and veins. 
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The ultrasound evaluation of these models demonstrated much better grey scan resolution 

when higher percentage (25%) of silicon fluid was used for the fat layer. However, when 

these models were scanned with   5MHz curved probe, there was some reverberation artefact 

occurred.  This artefact was not considered to be of great importance as linear probe was to 

be used to scan the final phantom.  

5.3 Development of Life Size Phantom 
 

 The life size phantom was constructed using the material evaluated in preliminary stages of 

the devolvement.  Detailed measurement of different layers of the lower limb were made 

using anatomical specimen as shown in the figure 5.16, and published data on the sizes of 

various vessels (Table 5.3) 

 

  

 

Figure 5.16: Longitudinal and cross-sectional specimen of human lower limb showing the 

different layers of tissues and vessels. 
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Table 5.3 showing geometrical data of lower limb vascular tree  
 

 

 

 

  

 

 

 

 

 

 

Figure 5.17: Surface anatomy and angiographic detain of vessels 

The materials that used to reconstruction lower limb life size phantom are similar to the 

physical and acoustic characteristics of human body. The ultrasound beam passes through 

acoustic impedance mediums similar to skin, fat, muscle, and vascular wall.  The metal rod 

was used as a ‘bone’ to support the weight of leg phantom. Various layers of muscles, fascia 

sheath, veins, arteries and subcutaneous tissues were formed in stages and allowed the silicon 
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compound to cure before adding the next layer of tissues. Lastly, the skin was add using 

Echflex0030 silicon material (fig 5.18). A combination of tubing and balloon were also 

inserted around the ‘femoral’ artery to created ‘stenosis. 

                  

         Figure 5.18: Life size lower limb phantom in anterior, lateral and posterior view      

      
Figure5.19: Lower limb phantom with tubing connected to proximal end of femoral artery 
and distal end of femoral veins. 

 

Tubing connected to proximal ‘artery and vein 

Tubing to create stenosis  
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Computed tomography (CT) scanning was used to assess the grey scale texture of the material and 

measure the depth, vessels diameter and compare the readings with those in-vivo anatomical data. 

 

Figure 5.20: Computed Tomography of the lower limb phantom  

  

Figure 5.21: Computed tomography images of the phantom showing coronal and transvers 

planes at mid thigh and mid calf 

Muscle 

Skin 
Fat 



114 
 

 
5.4 Evaluation of the lower limb Phantom 
 The next stage in the development & evaluation process was to subject the phantom to 

extracorporeal circulation using a digital vascular simulator (Axiom).  This simulator is very 

interactive and capable of generating any type of vascular waveform to represent both normal 

and pathological hemodynamic flow pattern.  The blood mimicking fluid was made up of 

distilled water, glycerin and sapherose beads to give similar to blood consistency in terms of 

density and viscosity. For arterial flow study, tubing was connected to ‘femoral’ artery and 

the return flow was collected from the ‘femoral’ vein. Figure 5.22 shows the practical 

arrangement of the experiment. 

                      Figure 5.22: Practical arrangements to evaluate the phantom   
  

Vascular simulator 
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Figure 5.23: Axiom Vascular Simulator and interactive control panel (Tablet) 

The Vascular Simulator is capable of generating any type to physiological or pathological 

waveforms that can be picked up by the ultrasound machines. The Phantom was tested to 

investigate whether it would produce similar images in the gray scale and also perform like 

‘in-vivo’ for Doppler evaluation.  For comparison purposes, the first assessment was on a 

human volunteer, to perform a ‘routine vascular scan of the femoral artery.  Secondly, the 

vascular simulator peak systolic velocity was set to produces similar Doppler waveform as 

the one recorded from the human femoral artery.   
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      Figure 5.24: Femoral artery ultrasound scanning, grey scale and colour images 

Figure 5.25: Ultrasound scan of lower limb phantom and femoral artery Doppler signal 

using vascular simulator. 

 

Figure 5.26: Doppler signals from both the phantom femoral (A) and human femoral (B 
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The assessment of the lower limb phantom demonstrated comparable gray scale and Colour 

images. The Doppler signals in the normal femoral artery was good triphasic with clear 

spectral window as shown in the fig B. The Doppler signals in the phantom were also good 

triphasic waveform with clear spectral window. However, the noise level was marginally 

higher in the phantom than in-vivo femoral artery. This may be due to slight differences in 

the ‘tissue’ texture offering varying signal attenuation at different boundaries.  
5.5 SUMMARY 
 

A lower limb vascular phantom has been developed for use in experiments that assesses 

hemodynamic changes in the vasculature in various vascular disorders. Additionally, this 

phantom together with vascular simulator will be used to assess its usefulness in training and 

teaching vascular sonographer as well as trainee vascular surgeons. The next two chapters 

will assess the role of structured training program to train students to achieve a basic 

competency level in the vascular ultrasound scanning.  
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The Effects of Practicing Duplex Ultrasound by using 
Objective Structured Assessment of Technical Skills 
(DUOSATS) for Arterial stenosis  
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Chapter 6 
The Effects of Practicing Duplex 
Ultrasound by using Objective Structured 
Assessment of Technical Skills 
(DUOSATS) for Arterial stenosis 
6.1 Introduction  
Clinical assessment and evaluation of lower limb arterial stenosis by Duplex Ultrasound has 

been used as a first line diagnostic tool.  The demands of gaining required skills in Duplex 

ultrasound assessment of arterial stenosis among vascular surgeons has been an essential part 

of learning outcomes in the new vascular surgical syllabus.  (England, 2014),  (Freitas et al., 

2006)  The high sensitivity and specificity of pocket size Duplex machines as a fast screening 

tool on the bed side has been grown much interest in the adoption of skills in Duplex 

assessment of vascular applications (Tofield, 2011), (Filipiak-Strzecka et al., 2014).  The 

Duplex Ultrasound is highly dependent on the operator’s skill, unlike other imaging modality 

such as Magnetic Resonance Imaging (MRI) and Computed Tomography( CT), standardized 

ultrasound  protocols require specialist training, therefore, ultrasound examinations a similar 

pathology may have variation in results when performed by different operators. The 

interpretation is made based on the ability of the operator to explore the pathology.  To have 

reliable diagnostics, the sonography finding must be reproducible between observers and by 

the same observer on separate occasions.  This should ideally be achieved through formalized 

and structured training schemes to optimize the clinical value of medical ultrasounds. The 

traditional method for ultrasound training is based on a systematic approach, initially with 

theoretical knowledge, followed to observation, and then starting to perform scans under the 

direct supervision by a qualified operator.  Progression through the training is determined by 
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accumulative knowledge as well as clinical and technical skills.  Trainee is evaluated using a 

log book to record all the procedures that have been performed by the trainee, detailing 

whether they were on assistant or the primary operator and whether they still need to some 

supervision or are able to perform the procedure independently.  Despite the lack of content 

validity of such training methods, it is required a patient permission in every case.  Moreover 

it will increase scanning time for every case and eventually prolong the waiting list for the 

patients.  The ultrasound simulation is a potential education method that is capable of 

overcoming the challenges of traditional educational methods.  It provides a risk-free, easy to 

use, controlled and potential learning environment.  Simulator training is increasingly being 

used for acquisition of psychomotor skills.   There is a need for a validated assessment tool 

for Duplex arterial assessment for both simulator and real life training.  A novel assessment 

tool: Duplex Ultrasound Objective Structured Assessment of Technical Skills (DUOSATS) 

has been developed.  A modified DUOSATS was used for simulator training.  Our study is 

aimed to use DUOSAT sheet in a planned course using theory instructions, goals, and 

objectives, to assess the progress of surgeon residents with novice users of Duplex 

Ultrasound to detect lower limb arterial stenosis.   The variables that are used to measure the 

progress of performance are based on the improvement of technical skills using DUOSAT, 

scanning time, and accuracy of arterial stenosis assessment via Peak Systolic Velocity Ratio 

(PSVR) and diameter reduction.   

 

6.2 Lower limb Arterial stenosis   
When a fatty steak starts to build up on the inside walls of arteries, a repeated accumulation 

of fatty steak will deposit atherosclerotic plaque on the inner wall layer.   The arteries 

gradually narrow and become thickened. As a consequences the arteries will lose elasticity 

and become hardened.  Subsequently, less blood can flow through.  As a result of the 
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narrowing segment of the artery, the velocity will increase to keep the volume rate constant. 

The amount of blood flowing through a stenosis is calculated by the following equation 

(Figure 6:1) 

 

                                                  Q = V1A1=VA 

Where                                      Q = Volume of flow  

                 V1= velocity pre stenosis                          V= velocity at stenosis 

                A1= cross sectional area pre stenosis          V= cross sectional area at stenosis  

                              Figure 6.1: Diagram of the arterial stenosis  

 

A stenosis becomes hemodynamically significant when the cross sectional area is reduced by 

75% which corresponds to 50% of the diameter reduction. A blockage of blood flow in the 

lower limb commonly referred to a Peripheral Arterial Disease (PAD) or Peripheral Arterial 

Occlusive Disease (PAOD).  

  To fully understand the mechanism of PAOD and its effect on the hemodynamic flow of 

blood circulation a review of microscopic anatomy, gross anatomy, hemodynamic of arterial 

flow, all mechanism of arterial disease should be analyzed.  
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6.2.1 Microscopic anatomy of the arterial wall 

 

 

 

The artery wall has three layers: (1) Tunica intima: the innermost layer which consists of an 

endothelial cell which is a single layer which regulates blood pressure and prevents blood 

clotting.  This also has fibroblast cells that dispose lipid with age and thickening of tunica 

Intima is consider an early indication of atherosclerosis. (2) Tunica media: the middle layer 

which is composed of smooth muscle fibers and variable amounts of elastic connective tissue 

which permits changes in the diameter of the artery. (3) Tunica adventitia: the outer layer and 

primarily made up of connective tissue which prevents over-expansion due to blood pressure 

on the artery wall and prevents them from being damaged.  The exact structure and 

thickening of layers vary with the size of the artery. In general there are three types of arterial 

vessels in the cardiovascular system: (1) Elastic arteries: composed mostly of elastic tissue 

which are able to expand to carry the blood away from the heart. (2) Muscular arteries: 

smaller in diameter and composed of smooth muscles to regulate the blood flow to different 

parts of the body according to their need. (3) Arterioles: small arteries varying in size from 

0.02 to 0.3 mm in diameter, it is composed of three layers of smooth muscle, which get 

thinner towards their end with capillaries. Figure 6. shows the microscopic anatomy of the 

arterial wall.   Blood flows very slowly in the arterioles because of a sharp drop in pressure, 

in the capillaries, due the diameter decreasing, the relative thickness of its walls diminishing 

as well, therefore, the wall of the capillaries are only coated with one endothelial layer which 

facilitates the exchange between water, oxygen, carbon dioxide and nutrients between the 

plasma and the surrounding tissue.  
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                                   Figure 6.2:  the structure of Arterial wall system  

 
 
6.2.2: Arterial gross anatomy of lower limb  
 

The network of arterial lower limb begins from the femoral artery at the mid-inguinal point as 

the continuation of the External Iliac Artery. As femoral artery passes the inguinal ligament, 

it branches off to the deep femoral artery which arises from posterior-lateral aspect of femoral 

artery.  The superficial femoral artery passes through the hunter’s canal at the mid-thigh 

level. The superficial femoral artery penetrates the adduct Magnus and becomes Popliteal 

artery.  The popliteal artery passes between the gastrocnemius and popliteus muscles and 

terminates at the Posterior tibial artery and anterior tibial artery at the distal part of the 

Popliteus muscle.  The anterior tibial artery passes through aperture of the interosseous 

membrane to enter the anterior compartment and is terminated to dorsalis pedis artery. The 

posterior tibial artery is the larger of the two terminal branches of the popliteal artery.  
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Figure 6.3: Lower limb arterial system  

 

It is covered by the soleus and the gastrocnemius muscles. It terminates by dividing into the  

medial and the lateral planter arteries which provide the main blood supply to the foot as 

shown in Figure 6.3.                  

 

 

6.2.3 Hemodynamic of lower limb arterial system 
 

The blood flow in the arteries is driven mainly via the gradient pressure. The pressure in the 

left ventricle rises rapidly to exceed the pressure in the origin of the aorta as the left ventricle 

contracts.   The highest pressure in the heart gradually decreases as the blood moves away 

from the heart. The pressure gradually decreases due to the high resistance of flow in the 

peripheral arteries, arterioles and capillaries.  The arterial system arranged in tree like 
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branches.  The walls enclosing the energy in transit oxygen, nutrients to the final destination.  

The arterial pulse wave has three main phases: forward moving phase causes pressure raised 

in all direction because of ventricular ejection.  This phase travels the blood through an aorta 

to the peripheral arteries.  The second phase of systolic, when the ventricle ejected decreases, 

the pressure reduces in the arteries accordingly to its compliance characteristics and 

peripheral resistance vessels. The third phase is the diastole phase.  It occurs when the 

outflow of the high resistance peripheral arteries overcomes the volume ejected from the 

ventricle and the pressure declines.  These phases in turn, change pressure, velocity and type 

of the flow from pulsatile to steady flow across the arterioles.  The amount of blood flow in 

the arteries should be constant by keeping the balance between the amount of blood that is 

entering and leaving the arterial system.  This is controlled by the heart which determines the 

amount of blood entering the arterial system and the microcirculation which regulates the 

amount of blood that enters and leaves the venous system. The volume of flow between the 

two points in the vascular system requires pathway and differences in energy levels between 

these two points. The greater the energy difference, the greater the blood flow. The greater 

the resistance in the pathway, the lower blood flow.   The flow decreases if the gradient 

pressure decreases (∆P), or an increase of resistance (R) as is shown in the below equation (1) 

                        F (Flow rate) = Gradient pressure (∆P) / Resistance to flow (R)     (1) 

The resistance to flow is determined by the physical properties of the blood, the amount of 

friction produced by the interaction of the blood and the arterial layers and the length of the 

artery. The longer the artery the higher pressure required to maintain the blood flow.  The 

lower the blood viscosity the faster the blood moves.  The diameter and the artery length 

determine the amount of friction and energy decay. Therefore, most of the resistance occurs 

in the microcirculation due to the increased friction between the blood and the layers of the 
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vessel wall. Equation 2 shows the effect of vessel diameter, viscosity, and vessel length on 

the resistance    

4
8
r
lR

               (2)  

Where R is the resistance of the tube, l its length, r its radius, and    is the viscosity of the 

circulating fluid. 

These physical factors that govern blood flow can be defined as a hemodynamics. The 

hemodynamics include comprehensively demonstrate the circulatory system, including 

distribution patterns myointimal hyperplasia, atherosclerotic plaques, arterial aneurysm, and 

arteriovenous fistula.  Moreover, it provides information about the degree of ischemic artery 

distal to the stenosis area or occlusion, such as that occurring in peripheral arterial occlusive 

disease.     

6.2.4 Pathophysiology of PAOD 
The reduction of blood flow in the arteries supplying the leg is caused mostly by the gradual 

development of occlusive lesions, a pathological process of systemic atherosclerosis. 

Atherosclerosis refers to the lesion of atheroma that target large and medium sized elastic and 

muscular arteries.   Non-cerebral and non-coronary artery atheromatous occlusion  are 

referred to as peripheral arterial occlusive disease( PAOD ) which is characterized by a 

partial or complete failure of delivery of oxygenated blood via arterial system to the 

peripheral arteries(Gardner and Afaq, 2008).  PAOD is mainly originated as a disease of 

intima, the initial stage of developing atherosclerosis is the endothelial dysfunction. As a 

result, fatty substances and smooth muscle cells accumulate and oxidize causing 

inflammation. Subsequently, Monocytes enter the arterial wall, transform into macrophages 

that enclose the modified lipids and smooth muscle cells to digest them and form foam cells.  
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Foam cells degenerate and release their contents forming an atheroma.  Calcium and fibrous 

tissue begin to deposit in the atheroma and form a hard plaque. As a result of forming a hard 

plaque, the elasticity of the arterial wall reduces and the arteries diameter shrinks.  The 

arterial wall as adaptation to the presence of atherosclerotic plaque will remodel the vessel to 

maintain the size of lumen by expanding the external elastic lamina up to 180% of the 

original area.  The growth of the plaque through a dynamic process involves endothelial cells, 

platelets, smooth muscle cells, macrophages, lymphocytes, and neovascularization. The 

progression and complication of the plaque depends on the interaction between plaque cells 

and the connective tissue of the vessels. The plaque complication include surface ulcerations, 

fissure formation, and calcification and aneurysm formation. The severe luminal stenosis or 

the rupture of plaques is a result of continued plaque growth leading to ischemic heart disease 

or stroke. The regression of atherosclerotic plaque can be managed by treatment of the high 

risk factors such as hyperlipidemia and by altering lifestyle in respect to exercise and diet 

control (Rafieian-Kopaei et al., 2014) , (Spagnoli et al., 2007).  However, a recent study in 

opposition to the widespread theory of PAOD as a manifestation of systemic atherosclerosis 

has reported that, PAOD can be caused as a result of the intimal thickening in the absence of 

atheroma.  The pathogenesis of PAOD does not differ in patients with different risk factor. 

(O'Neill et al., 2014) 

The initial symptoms of obstructive processes is limited to high demanding situations such as 

exercise.  It leads patients to complain of aching muscular pain during walking and is relieved 

at while rests. This process is identified as intermittent claudication. Symptoms generally 

develop if untreated into ischemic rest pain, ulceration, and gangrene (Collins et al., 2007)  

 The symptoms are most likely distributed according to the site of occlusion or stenosis. The 

arterial disease is located in the iliac arteries, the patient may suffer from pain in the buttocks, 

thigh or foot, while if the obstruction is located in the superficial femoral artery, and the pain 
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will be felt at the calf.  In case of multilevel obstruction disease, the distal part will suffer 

more symptoms than the proximal one.  For example, if the stenosis occurs at the iliac and 

superficial femoral arteries,  the thigh muscle suffers from perfusion defect due to iliac 

stenosis, while the calf muscle suffers worse perfusion defect by combination of the two 

stenosis (Peach et al., 2012, J.Dennis Baker, 2005).  The gradual development of occlusive 

arteries often opens collateral routes which makes occlusive disease asymptomatic until it 

reaches t a significant stenosis degree.  Stenosis usually becomes hemodynamic significant 

when 75% of the cross-sectional area of the arterial lumen is occluded, which is corresponds 

to 50% reduction of arterial diameter.  However, the symptoms of occlusive arterial disease is 

strongly related to the perfusion defect and capability of building up collateral routes.  

Therefore, patients with acute occlusive arterial disease are more likely to suffer more severe 

symptoms due to lack of collateral contribution feeding distally to the occlusive artery 

(J.Dennis Baker 2005) 

Presence or absence of collateral pathway that is bypassing the obstructed segment of the 

artery could change the flow of collateral channels whether by reversing flow, increasing 

velocity, or increasing volume flow.  The obstruction level could be indicated by identifying 

the location of collateral the channels (Claudia et al, 2000)  

6.2.5 Epidemiology of PAOD  
PAOD is a manifestation of systemic atherosclerosis and it is suggested that this disease 

affects between 6.9% to 21.4% of sufferers in the developed world, dependent upon the 

specific criterion used to label PAOD and the specific gender and age of the population 

(Sigvant et al., 2007), (Ramos et al., 2009).  Specifically, in the United States it affects 

between 8 -12 million individuals (Hirsch et al., 2001), whilst in the United Kingdom it 

affects approximately 20% of the affected population.  PAOD is associated with myocardial 

infarction (MI), stroke and other cardiovascular disease morbidity and mortality.   With 
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respect to PAOD leading to hospital admission, it is estimated that 413,000 patients 

worldwide are admitted to the hospital due to this secondary complication annually. It is 

estimated that 413,000 patients in USA are admitted to the hospital due to this secondary 

complication annually, with 88,000 undergoing lower extremity arteriography, and  28,000 

patients undergoing embolectomy and thrombectomy(Gillum, 1990).   Moreover, globally in 

the last decade (2000-2010) the number of people affected by PAOD has increased 29% in 

low-middle income countries and 13% in high income countries compared with the previous 

decades (Fowkes et al., 2013).   With respect to the economy cost, in the USA the 

hospitalization for MI and stroke patients is a second to POAD costing approximately $ 6000 

annually per patient (Margolis et al., 2005).   The average hospitalization costs range from $ 

7000 for patients with claudication to $ 10,430 for patients requiring revascularization every 

two years(Mahoney et al., 2010), whilst estimated  hospitalization costs for patients with 

PAOD was € 3182 in France, and € 2724 in Germany every two years respectively 

(Smolderen et al., 2012). In the United Kingdom, it is reported that around 2,000,000 have 

asymptomatic PAOD while the vascular unit is seeing  around 500,000 patients with 

symptomatic  PAOD, of which 150 -200 patients are diagnosed with critical leg ischemia 

annually.  1-2% of claudication patients need to undergo limb amputation with considerable 

associated financial implications(NICE, 2012) The cost for amputation is approximately 

£6000 and for reconstructive surgery approximately £5000, Aortic aneurysm £4500, whilst 

Angioplasty costs £1500(Fowkes).    Asymptomatic and symptomatic  peripheral arterial 

disease are suggested to increase the risk of death from coronary artery disease and 

cerebrovascular disease by three to six-fold  compared to no PAD association (Criqui et al., 

1992). 
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Figure 6.4: Typical overlap in vascular disease affecting different territories.26 Based on 
REACH data. PAD – peripheral arterial disease. 

 

 A preventive strategy to minimise the economic cost and serious complications of PAOD 

based on life-style modifications to prevent risk factors has proven a partially succeed, in 

addition, to the highly cost. Although, the preventing  development of symptomatic PAOD 

strategy has succeed fully  minimized  the burden of events of cardiovascular disease, 

However, the main challenge to identify asymptomatic peripheral arterial disease probability 

who will develop more serious cardiovascular events. The high prevalence of asymptomatic 

PAOD in addition to relatively low awareness of primary health care physicians to diagnose 

PAOD required to be treated with pre-symptomatic atherosclerosis strategy. Many non-

invasive methods has been used to predict prospective cardiovascular events such as carotid 

artery duplex scanning, flow-mediated flow artery, magnetic resonance imaging, computed 

tomography, and Ankle/Brachial blood Pressures Index ( ABPI )(Greenland et al., 2000, 

Heald et al., 2006) 
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6.3: Detection of arterial stenosis 

The diagnosis of PAOD should be performed in two stages: 

6.3.1 Primary Investigation: 

The first stage should be done in the primary health care facilities which including: 

 The physical Examination: 

The physical examination is based on taking a full and clear patient’s history.  The next step 

is using physical examination to palpitate peripheral pulses in the femoral/popliteal and the 

foot, in addition to clinical examination of the abdominal aorta. However, the presence of 

good peripheral pulsed while the patient complains of pain does not exclude peripheral 

arterial disease.  More seriously, the physician who investigated patients for peripheral 

arterial disease due intermittent claudication will miss up to 82% of high risk patients with 

disease. Subsequently, more medical investigations should be considered to confirm the 

diagnosis of peripheral arterial disease (Schroll and Munck, 1981). In order to detect the early 

signs of a peripheral arterial disease, a non-invasive test has been added. 

 

 Ankle Brachial Pressure Index (ABPI) 

ABPI is a simply measures the ratio of ankle to brachial artery systolic pressures via using 

handheld Doppler device or using a sphygmomanometer. It is a reliable, simple, relatively-

cheap, non-invasive and widely used clinical to assess peripheral arterial disease. The 

sensitivity and specificity of 0.9 cut off of ABPI is up to 95% and 97% respectively 

compared to the positive PAOD detected by the Angiography study. More over the sensitivity 

is raised to 97% in cases involving an exercise test(Fowkes, 1988).  As the value of ABPI 
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lowers, the severity of peripheral arterial disease is higher. Even with asymptomatic PAD, the 

lower value of ABPI suggests worse arterial insufficiency supply(Norgren et al., 2007). It is 

highly recommended to apply ABPI procedure as a screening tool to investigate peripheral 

arterial disease for healthy people who are ≥70 year of age and for all patients who have a 

risk factor of cardiovascular disease (specifically smoking or diabetes) and are ≥ 50 years old.   

However, there are many clinical situations that cannot be detected by ABPI, particularly 

with diabetic patients and renal patients with heavily calcified vessels. To the value of ABPI 

>1.4 this indicates to incompressible arteries even using 300mmhg occlusive cuff.  In other 

situation a rich collateral route could leading to miss detection a high-grade stenosis in the 

aorto-iliac by ABPI. Even though the ABPI exercise and toe/Brachial pressure could help to 

reduce the limitations of the ABPI alone, however, in secondary care, there is a need for more 

invasive and non-invasive clinical alternatives of ABPI for assessing peripheral arterial 

disease. (Al-Qaisi et al., 2009) 

 

 

6.3.2 Secondary Care: 

In secondary care the patients will be referred to the vascular unit to undergo more diagnostic 

investigations such as radiological imaging include: 

 

 Digital Subtraction Angiography (DSA) 

This is considered a gold standard for imaging in diagnosis of peripheral arterial disease.  It is 

the most accurate procedure in determining the anatomical location and distribution of 
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arterial blockage or detecting vessel tumours. It uses computerized x-ray techniques to study 

arteries by injecting them with a contrast material or dye. This technique is performed under 

local anaesthesia, an X-ray of the targeted area is taken before the contrast material is 

injected, then a thin tube is introduced into the targeted artery, then a contrast material is 

injected by serial X-ray.  The computer will then subtract the pre contrast image (mask) from 

the post contrast image, extracting a high spatial and temporal image of the contrast-filled 

artery. DSA in addition to mapping accurately the affected arteries with a large field of view 

can map collateral accurately.  This procedure could eliminate the need for further surgery by 

allowing the blockage to be treated in the same setting by using a special technique such as a 

balloon angioplasty or atherectomy.  However, there are limitations to this procedure which 

include the probability to puncture an artery which may lead to bleeding and subsequently 

loss of blood flow to the normal tissue.  This could resulting injury in the luminal of artery, 

which could lead to arterial thrombosis or the embolus moving towards the small vessels and 

blocking them.  In addition to the contrast reaction causing allergic or even kidney failure 

could be occur. Alternative non-invasive angiographic evaluation such as Computed 

Tomography Angiography (CTA) and Magnetic Resonance Angiography (MRA) has been 

introduced.  These modalities are non-invasive which provide diagnostic information in term 

of location and severity of the arterial blockage or tumour (Figure 6.5).  However, this does 

not  provide  simultaneous diagnostic and therapeutic endovascular intervention(Al-Qaisi, 

2009). 
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Figure 6.5: Digital subtraction angiography provides excellent visualization of intravascular 
circulation with intra-arterial contrast administration. As depicted in this digital subtraction 
angiography study, multilevel lesions are demonstrated that include a focal left iliac artery 
stenosis (large arrow), right superficial femoral occlusion (curved arrows), left superficial 
femoral stenosis (small arrow), and multiple tibial artery stenosis (Adapted from 
http://intranet.tdmu.edu.ua/).  

 Computed Tomography Angiography (CTA) 

CTA is a minimal invasive procedure that combines the advanced technology of CT scan 

with that of traditional Angiography to produce two or three-dimensional images of blood 

vessels. This has been increasingly used in diagnostics of peripheral arterial disease 

particularly after introducing advanced technology of multidetector computed tomography. 

The procedure is performed by injecting dye contrast into one of the veins and then flowing 

through the circulatory system to the targeted arteries. Simultaneous acquisition of 

anatomical volume as well as angiographic mapping is performed by CTA in seconds. CTA 

is a fast procedure combining the luminal information provided by angiography and cross 

sectional advantage offered by traditional CT scans.  State of the art post-processing provides 

volumetric data permit to 3D visualization from many angles to the best evaluation of arterial 

pathology (Figure 6.6).  
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Figure6:6.  Vascular Imaging - Run-off CT Angiography (Adapted from Image: Radiology of 
stauferklinicum, Multangen, Germany) 

 

The limitations of CTA in the lower limb arterial including allergic reaction of contrast iodine 

particularly in borderline kidney function, excessive exposure to radiation has a slight chance 

to cause cancer, the leakage of contrast from the veins injected might damage the surrounding 

skin, nerve or even blood vessels. It is prohibited with pregnant women. (Fleischmann et al., 

2006, Pollak et al., 2012) 

 Magnetic Resonance Angiography (MRA) 

The principles of MRA basically rely on interaction of intrinsic magnetic o human tissues and 

blood with applied external magnetic fields.  The latest version of the clinical MRI machines 

(3Tesla) has rapidly expanded the clinical use of MRA in Vascular studies including 

cardiovascular, coronary, and peripheral vascular systems. The technical advances in 

hardware and software applications are beneficial in clinical MRA with lower risk and cost 

compared with conventional Angiography and CTA. The new machines has increased the 
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Signal-to-Noise Ratio (SNR) to almost double of traditional MRI machines (1.5 Tesla) which 

significantly increases spatial resolution, and minimise of the required time to manipulate 

required data, and highly detailed images.  

The MRA imaging scan method most commonly used today are: 

o Time to Flight (TOF) and Phased contrast MRA (PCA) 

TOF is a non-contrast method based on enhancement signals of flowing blood and suppresses 

adjacent stationary tissues in a limited volume.  2 D TOF   is used specially for peripheral 

arterial disease particularly is distal lower limb arteries stenosis or occlusion.  This has 

similar accuracy for diagnosis of these vessels by DSA. The other non-contrast technique 

PCA relies on contrast between a moving blood and stationary tissue by altering the phase of 

the magnetization. The phase of the stationary spin is zero, and the phase of a moving blood 

is non-zero.  A phase shift is proportional to the velocity of the spins.  The faster the spin 

moves, the larger the signal that will be produced. The movement of spins will be detected as 

a white signal in one direction, and black signals for spins moving in the opposite direction. 

By using this technique the vascular anatomy, speed and direction of flow can be assessed. 

Phase contrast has limited sensitivity to the range of velocity, therefore, the operator should 

choose the velocity-encoding range carefully to produce the required images whether feeding 

arteries, drained veins or to show arterio-venous malformations because of their different 

velocity ranges.        

 The non-contrast method technique is limited by long image Acquistion time and creation of 

artefacts in stenosis areas and it is very difficult to get precisely perpendicular imaging 

planes. However, the high risk complications caused by using gadolinium contrast with 
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moderate to severe renal failure or with metabolic and vascular patients who have 

nephrogenic systemic fibrosis have increased the clinical demands of non-contrast MRA.  

o Contrast enhanced MRA (CE-MRA) 

This is a technique that uses intravenous injection of paramagnetic gadolinium (Gd) to 

manipulate the magnitude of magnetization, to delineate the contrast between the moving 

blood and the stationary tissue.  The contrast between the moving blood and the stationary 

tissue is achieved by utilizing the magnitude of the magnetization, as the moving blood is 

large and stationary tissue is small, and by using contrast agents to shorten T1 it is required to 

show arteries.  Gd dramatically shortens T1 by creating proton-electron deploring interaction. 

Simultaneous acquisition of data with the arriving time of contrast is very critical. If it is a 

long period of time, it will increase the signal in the background tissue or gives a lot of 

contrast enhancement in the veins. Therefore, the acquisition time should be decreased to the 

time period that require to be in the intra-arterial, which most likely will be a couple of 

seconds after contrast injections. The CE-MRA has higher SNR which provides higher image 

quality compared to non-contrast MRA, and permits larger field of views in a short acquiring 

time (figure 6.7)  
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Figure 6.7: CE-MRA of lower arteries in patient with symptomatic claudication in RT leg.  

CE-MRA has been reported to be more sensitive than duplex ultrasound in detecting arterial 

stenosis in the lower limb arteries, particularly in the knee region (Gjonnaess et al., 2006) . In  

other prospective studies, CE-MRA compared to Duplex Ultrasound in the diagnosis of 

peripheral arterial disease, reported that, CE-MRA was more sensitive (84% compared to 

76% in DU) and specific (97% compared to 93% in DU)(Leiner et al., 2005). Despite the 

improvement of technical and advance technologies in MRA, there are still clinical 

limitations.  MRA is more expensive compared to DU and CTA and the 3 tesla is mainly a 

research tool rather than clinical. MRA is very sensitive to patients moving artefacts. This is 

contraindicated to the patient who have metallic advices implemented inside his body such as 

the base maker and for the Claustrophic patients who sometimes need sedation. The 

complications reported recently arise from using gadolinium as a contrast agent which could 

lead to nephrogenic systemic fibrosis (NSF) (Al-Qaisi, 2009, Hartung et al., 2011, Pollak et 

al., 2012, Korosec). 
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 Duplex Ultrasound (DU)  

 The Doppler Effect has been widely expanded in the clinical use of ultrasound technologies 

in vascular studies.  This is based on detecting the shift frequency that produce a result of 

reflector movement (Red Blood Cells) relative to the ultrasound transducer.  DU is a non-

invasive, bedside, reliable, relatively cheap modality used as an initial diagnostic of 

peripheral arterial disease.  This uses a combined grayscale-colour Doppler and spectral 

waveform to provide simultaneous of anatomical and physiological or pathological 

information.  Many consistent studies agree between DU and DSA as a gold standard in 

diagnosis of peripheral obstruction disease.  Studies had reported high accuracy of duplex 

ultrasound in comparison to DSA. Among 28 studies, DU had a range of sensitivity between 

80-98%, and specificity from 89%-99% compared to DSA (Collins et al., 2007) .   A meta-

analysis produced a pooled sensitivity of 88% and pooled specificity of 95% for duplex 

ultrasound compared with angiography (Leiner et al., 2005). For the pre-operative mapping 

of lower extremity lesions, the DU has shown a comparative accuracy when compared to that 

of DSA and CTA (Gabriel et al., 2012).  It has been  reported that DU is reliable to define 

whether the patients require femoropopliteal or infrapopliteal bypass graft and eventually this 

could safely be replaced by conventional arteriography in most patients who need 

femoropopliteal reconstruction(Wain et al., 1999).  The use of  DU for tibioperoneal graft is 

limited due to the low sensitivity and specificity compared to conventional 

angiography(Larch et al., 1997).  Despite the fact that CE-MRA has a better overall accuracy 

and compared to the other modality, ultrasound has been reported to be dominant the other 

modalities in term of effectiveness-cost ratio (Collins, Cranny et al2007).  A frame work of 

peripheral arterial disease should be managed to use different imaging modality to optimise 
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the output of the diagnostic tool in respect to the efficiency-cost ratio.  Table 6.1 comparing 

the imaging modalities in term of strengths and limitations. 

 

Table6.1: Summarize the strengths and limitations of imaging modalities in the investigations 

of PAD. 

Imaging Modality Strength Limitation 

DSA Gold standard for PAD , used for both 

of diagnostics and treatment 

Invasive , Ionization, required 

sedation 

MRA Slightly invasive 

More accurate 

Performed with and without contrast 

enhancement 

No Ionized dose 

Second modality chosen for follow up of 

PAD 

Metallic artefacts 

Risk of NSF 

Moving artefact 

Claustrophic phenomenon 

CTA Very fast scan 

Rapid acquisition data 

High spatial resolution 

Radiation dose risk 

Contrast reaction 

Limited diagnostic value with 

highly calcified arteries 

DU Non-invasive, bedside 

Relatively cheap 

No radiation 

No contrast required 

First line modality for follow up with 

PAD 

Less accurate particularly at aorto-

iliac area 

Highly operator dependent 

Limited sensitivity for multilevel 

stenosis 

Limited diagnostic value with 

highly calcified arteries 
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6.4: Detection of Arterial stenosis By Duplex Ultrasound 

The grayscale shows if there is any intimal thickening or localized or diffuse intraluminal 

calcifications. The colour shows the normal vessel flow as full of homogenous colour. Any 

lack of flow or occlusion will appear as a lack of colour in the luminal arteries with ideal 

optimising colour settings.  Stenosis will be indicated as a high velocity jet that occurs in the 

type of whitening of red or blue colour or aliasing with a reduced arterial lumen, whereas, the 

post stenotic area shows a mosaic pattern due to turbulent flow.  A spectral Doppler 

waveform traces the direction of flow, velocity and volume flow in Doppler samples 

throughout the cardiac cycle.  It is a quantitative graph that shows the velocity and direction 

of flow in the gated sample volume of the blood vessels. The y-axis represents the velocity 

spectrum, and the x-axis represents the time, whereas, the amplitude is represented by a 

shaded colour for each velocity which becomes brighter with increases the amplitude power 

(Figure 6.8).  Moreover, DU can provide volume flow measurement by measuring the 

luminal diameter in B-mode, median of systolic velocity, and cross sectional area.    The 

normal peripheral arteries has a unique waveform pattern which is composed of triphasic  

components, sharp and narrow  forward  systolic flow, reverse diastolic flow, and forward 

diastolic flow with clear and sharp spectral broadening which is labelled as a high resistance 

flow. 
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                             Figure6.8: Triphasic normal peripheral arterial waveform  

The early haemodynamic signs of peripheral arterial disease changing of the waveform 

components from triphasic to be biphasic and monophasic in the worse pathology, in addition 

to increases of spectral broadening with severity of pathology (Figure 6.9).   

                         Figure6.9: Bi-phasic and Monophasic waveform of peripheral arteries 

 

 

        



143 
 

The haemodynamic changes due to significant stenosis can be assessed in three regions: 

proximal to the stenotic area, at the stenotic area, and distal to the stenotic area.  Various 

Doppler parameters are used to assess the stenotic area.  The most popular parameters that 

used to measure the degree of the arterial stenosis is the Peak Systolic Velocity which is 

normally the first sign of arterial stenosis.  The normal peak systolic velocity in normal lower 

limb arteries range from 119±21.7cm/s at the external iliac artery to 68.8±13.5cm/s at the 

popliteal artery(Jaffer et al., 2009).   629 segments of lower limb arteries from iliac to 

tibioperoneal trunk has been evaluated by using colour flow combined with PSV>200cm/s  

for detection of arterial stenosis documented to be ≥ 50% stenosis in angiography as a gold 

standard, it has been reported that , the sensitivity and specificity  of duplex ultrasound  were 

87% and 99% respectfully for 50% stenosis and 81% and 99% respectfully for arterial 

occlusions(Cossman et al., 1989) . The increasing velocity is proportional to the area 

reduction in stenosis until a hemodynamically significant stenosis is reached beyond which a 

turbulent flow occurs (Figure 6.10). 

Figure 6.10: Flow and velocity changes expressed as percent maximal in response to 
percentage stenosis. 
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 However, the absolute measurements could affect by cardiac or proximal arterial disease.  

Therefore, the Peak Systolic Velocity Ratio (PSVR) has been used to avoid influences of 

cardiac pathology or abnormality of peripheral; resistance or vessel compliance.  PSVR can 

calculate the percentage of stenosis using the ratio of peak systolic velocities at stenosis and 

adjacent to stenostic area. Many previous studies has validated percent stenosis to PSVR 

(Table 6- 2) 

Table 6.2: Sensitivity and Specificity for PSVR for detection of stenosis. From Ranke 
at al. (1992) 

The Peak Systolic Velocity Ratio (PSVR) measures the ratio between the stenostic artery 

segments into that of pre-stenotic segment.  The proximal arterial segment to stenosis shows 

a high resistance flow, whereas, the post stenotic segments shows a dampened waveform 

characterised by slow acceleration peak systolic flow and rounded peak with increasing 

diastolic flow.  This a pattern of waveform identified by tardus parvus waveform. The 

reliability of DU to be used effectively in detecting peripheral arterial stenosis is highly 

dependent on the operator’s skills and experience. Unlike other imaging modalities the 

learning curve of ultrasound skills is highly variable and special care is required to assess the 

outcome of the training programs.  
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6.5: Aims and objectives: 

The medical education has entirely changed from the traditional methods of question-and-

answer teaching to a competency-based system in which the elements of competency include; 

patient care, technical skills, communication skills and practical-based learning.  The training 

methods which simulate real patient conditions and scenarios have been used as a training 

and assessment tool since the last decade.  The principle of traditional training method are 

based on “see one, do one, teach one” has  been abandoned as ineffective due to  the high 

cost of operation and time consuming  differences of the learning curve for different 

practitioners which could impact negatively on the training process.    The point of interest in 

ultrasound training has increased the potential of ultrasound as a diagnostic tool in clinical 

practice where rapid assessment using focused ultrasound could enhance the assessment and 

treatment management of patients in critical situations.  For instance, technical skill 

assessments in detecting arterial stenosis is relay on using logbooks recording type and a 

number of procedures that have been performed independently or performed with degrees of 

assistance based on the trainers observations.  Despite the fact that the logbook recording 

cases with the trainer comments are important evidence of acquiring required skills to 

perform ultrasound scanning confidently, it is lacking content validity to provide an 

assessment tool of the technical skills the operator performing the procedures.  Among many 

methods to improve the technical skills of a resident surgeon, providing assessment processes  

in training methods  has been proven to be more reliable (Reznick, 1993).  To standardize the 

assessment of technical skills of resident surgeons, the Objective Structured Assessment of 

Technical Skills (OSATS) was developed for surgical tasks(Reznick et al., 1997).  This uses 

a combination of a checklist and a global rating scale to assess trainees performing surgical 

tasks on different models. It has been shown to be reliable and have structured objectives. 
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More recently, OSATS has been used in simulated theatre environments (Moorthy et al., 

2005).  

In response to a high demand of surgical residents in training ultrasound to be able to perform 

venous sufficiency scanning with reliable diagnostic accuracy, use of simulation for training 

surgical practitioners has increased significantly in recent years.  Despite use of simulations 

in ultrasound training for surgical residents, there is no reliable method to assess the 

improvement and effectiveness of the trainee’s experience.  A planned course using 

instruction, goals, objectives, and assessment has validated the experience of trainee in 

ultrasound for vascular studies.  The Duplex Ultrasound Objective Structured Assessment of 

Technical Skills (DUOSATS) was developed in the vascular department of imperial college 

London.  Our study Aims to expose surgical residents with novice experience in ultrasound to 

a training program using simulated phantom with DOUSATS to measure the effectiveness of 

training in performing the evaluation of lower limb arterial stenosis.  The benefit of using 

DOUSATS is to breakdown the whole procedure to different smaller tasks which make it 

easier to focus on skills that are required to improve in addition to future repeats of the same 

procedure will give the evaluators a chance to follow the progress of specific tasks that need 

to be improved.  

The hypothesis is that: 

“A simulated phantom using DOUSATS to evaluate lower limb arterial stenosis will benefit 

from a structured training session and participants will improve in their scanning time, quality 

and reducing significantly the measurement errors of PSVR and area reduction of segment 

arterial stenosis in a safe environment with consideration of cost-effectiveness of the program 

and creating binding ring between laboratory training and safe clinical practice.”   
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6.6 Materials  

Our experiment required to create the Arterial stenosis model in a closed circuits composed 

of: 

6.6.1 Superficial Femoral Artery (SFA) Phantom: 

Life-size lower limb phantom that contains multilayers representing skin, subcutaneous fat, 

muscle, and bone with complete vasculature. The full description of the leg phantom 

development was illustrated in chapter 6.  

6.6.2 Axiom medical pulsatile flow simulator 

The Axiom vascular flow simulator (Axiom Medical ltd, London) force pulses of blood 

mimicking solution through a simulated blood vessel, arranged within a tissue ‘phantom’. 

The flow can be regulated in both the forward and reverse direction. This allows any arterial 

waveform to be easily simulated by individually adjusting timings and flow rates.  A 

simulated variable arterial stenosis is adjustable in the simulated vessel. This stenosis can be 

imaged in B mode, colour and pulsed ultrasound wave mode, allowing stenosis evaluation. 

                                            

Figure 6.11: Axiom medical pulsatile flow simulator 
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6.6.3 Duplex Ultrasound Scanner  

Arterial stenosis was evaluated and measured with Duplex Ultrasound Scanning units.  The 

machine that been used in this study was a TOSHIBA aplio XG Model SSA-790A 

(Netherlands).  It has an advanced technology which makes it user friendly and is used with 

complete imaging modes and displays: B-mode with colour, power, THI which improves the 

resolution without sacrificing penetration, Applique (outstanding tissue differentiation), 

Advanced dynamic flow, Trapezoid scan (extended field of view), Q-scan for instant imaging 

optimization.  This advanced technology has been greatly helpful in accurate measurement, 

improving resolution, and reducing random noise without sacrificing the speed of image 

acquisition.  As practitioners become more skilled at using the ultrasound machines, they will 

become more adept at optimizing the imaging both for colour and pulsed wave modes. 

For Colour coded imaging, the machine settings should be adjusted as follows: 

1. Use a high frame rate and a low colour velocity range (e.g., +35 to -35 cm/s) to give 

the best visualisation. This should be adjusted to avoid aliasing throughout the scan. 

2. Use a low colour wall filter and limit the use of colour persistence to see true flow 

dynamics. 

3. Adjust the colour gain and the velocity range to help with the low flow status, small 

vessels or situations where optimum angle is difficult to achieve. 

4. Use a narrow colour box width to maintain a high frame rate. This is a trade off with 

visualising adequate anatomy. 

For Spectral Readings, the machine settings should be adjusted as follows: 

1. Use as small a sample volume as possible for spectral readings. 

2. Set the velocity range to +150 to -50 cm/sec. 
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3. Measure velocities at less than 60 degrees to the vessel axis or centre of the flow 

stream. The transducer may be ‘heeled and toed’ in order to minimise Doppler angle 

and any need to change the beam steering. 

4. At points of stenosis, one may increase the Spectral sample size and decrease the 

spectral Doppler scale to delineate low flow. 

5. Maintain the Doppler gain just below the threshold of noise. 

6. Use a low wall thump filter setting (50 Hz). This can be raised to 150 – 200 Hz to 

reduce wall thump. 

An additional method used to confirm the stenosis assessment is the diameter reduction 

doing stenosis. Here the diameter doing the stenosis is expressed as a percentage of the 

diameter of the disease free artery.   A high frequency linear probe was used for vascular 

imaging. This produces a high spatial and lateral resolution with adequate penetration to 

the superficial vessels. These characteristics contribute to its suitability for peripheral 

vascular imaging.  

Figure 6.12: Experimental setting (1: Axiom medical flow simulator, 2: Duplex ultrasound 
scanner, 3: phantom SFJ, 4: gel, 5: wireless signal receptor 
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6.7 Methods  

 This is a prospective study involving 10 surgical residents who have theoretical background 

of basic ultrasound principles with no hands on experience in vascular ultrasound h.  The 

study was conducted in the vascular laboratory in the surgery department of Hammersmith 

hospital London.  All the surgical residents from Imperial College NHS trust were invited to 

participate in this study.  The surgical residents who had hands on experience with vascular 

ultrasound were excluded as well as volunteers who did not complete the full assessment and 

video-taping throughout the whole program. At any stage of the training program if a 

participant wished to withdraw from the study they were allowed to do so regardless of their 

circumstances.  No ethical approval was obtained from the R&D department of 

Hammersmith hospital because there was no need to apply this on actual patient at this stage.  

The consent to participate in this study was distributed either in person or by Email to every 

participant.  

The group study received the same training program and subdivided into three periods, 1 day 

(1 hour session), 1 week( 1 hour session twice during the week), and 1 month ( 1 hour session 

, eight times during the month).   During every period, the participants were watching the 

explanatory video how to perform hands on procedures, evaluating arterial stenosis, and 

reporting their results.  After watching the explanatory video, the participants were allowed a 

plentiful times to familiarize themselves with the machine operations. Participants were asked 

to assess the stenosis in the artery using a vascular flow simulator. The training program 

Participant’s attempts were recorded and independently assessed by four experts using total 

(DUOSAT score) and the mean value of the nine individual components (Overall rating). 

And then compare it with a Global rating.   The videotaping was conducted by the same 

professional director to be more accurate, and the scoring was done individually by 

independent assessors.  All of the assessors were from different departments to eliminate the 
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researcher’s bias as then they would not be known by the assessors.   In addition to that, the 

videos were viewed in a random sequence every time for each assessor.  The results were 

analysed in three stages in respect to the quality of images (technical skills), stenosis 

assessment via PSVR and diameter reduction.  Percentage error for both assessments were 

calculated against the actual grade of stenosis. The evaluation and scoring was based on 

DUOSATS as a tool for assessing participant’s skill in evaluating arterial stenosis. The 

Experimental part and Evaluations were done on the first day, after 1 week, then after 1 

month. Figure 6.13 summarises the study design.   

                                    Figure 6.13: Study designs of training program. 
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 6.7.1 DUOSATS Scheme 

The Duplex Ultrasound Objective Structured Assessment of Technical Skills (DUOSATS) 

was developed by two experts who work on a daily basis in the vascular surgery and vascular 

lab and they organized the training programs and conferences on ultrasound vascular 

applications. The modified DUOSATS used operative-specific checklists for formative and 

summative assessments to assess arterial stenosis measurements.   In order for the assessment 

to function as a formative and summative assessment, the domains were reconstructed to 

reflect progression of task performance from the basic skills gradually to the more complex 

educational objectives. The mark scheme was distributed proportionately according to the 

challenge of the educational objectives (figure 6.14).  
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                                         Figure 6.14: DUOSATS marking scheme. 

 

 SCORING 

DOMAIN 1 2 3 4 

Patient 
positioning 

Does not 
position patient 
appropriately 

Positions 
patient 
appropriately  

  

Transducer 
selection 

Incorrect 
transducer 

Correct 
transducer 
with 
prompting  

Correct 
transducer 
without 
prompting 

Correct transducer without 
prompting with optimum 
frequency selected 

Ultrasound 
coupling gel 
usage 

None/ too 
much 

Correct 
amount 

  

Acquires 
images in B 
mode 

No attempt 
made 

Attempt 
made at B 
mode 
imaging 

 Appropriate depth of field, TGC 
and focus setting 
Appropriate gain control? 

Evaluation of 
stenosis in 
colour 

No Yes  Good colour, filling with no 
colour bleed. Appropriate 
velocity range selected with no 
colour aliasing 

Spectral 
Doppler 

 Appropriate 
gate position 
and size. 

Appropriate 
gate position 
and size. 
Appropriate 
velocity range, 
baseline and 
inversion 
settings. 

Appropriate gate position and 
size. Appropriate velocity range, 
baseline and inversion settings. 
No aliasing seen 

Doppler Angle >60 degree 
angle Doppler 
angle to 
direction of flow 

 < 60 degree 
Doppler angle 
to direction of 
flow in center 
stream 

< 60 degree Doppler angle to 
direction of flow in center 
stream. Angle correction 
correctly aligned. 

Assessment 
of PSVR 

No pre and 
post PSV 
measurements 

Pre/post 
stenosis PSV 
measuremen
t too close to 
stenosis 

 PSV measurement taken in 
stenosis jet and 4 diameter 
lengths away 

Calculation of 
diameter 
reduction at 
stenosis 

Colour Doppler 
used to assess 
lumen with 
appropriate 
beam steering 

Colour 
Duplex used 
to assess 
lumen in 
longitudinal 
section with 
appropriate 
beam 
steering 

Colour Duplex 
used to 
assess lumen 
in longitudinal 
section  with 
appropriate 
beam steering 
at appropriate 
point in 
cardiac cycle 

Colour Duplex used to assess 
lumen in cross section with 
appropriate beam steering at 
appropriate point in cardiac 
cycle. Good attempt made to 
make an un-diseased and 
actual diameter measurement of 
vessel. 

Calculation of 
degree of 
stenosis  

No attempt 
made 

 With 20% 
error of 
correct 
stenosis 

Correct docile calculated for 
degree of stenosis  

Reporting Poor legibility, 
comments not 
relevant 

Legible, 
comments 
not relevant 

Legible report 
with 
appropriate 
comments on 
PSVR 

Legible report with appropriate 
comments on PSVR, diameter 
reduction and conclusions 
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6.7.2 Arterial stenosis measurement: 

All the participants who volunteered for the arterial measurement and training assessment 

were given a theoretical revision of the basics of vascular ultrasound physics.  Then, all the 

participants were introduced to the aims of the study milestones.  A standardized instructional 

video that showed the ideal technique for arterial stenosis measurements was played for all 

the participants. The video particularly demonstrated: patient positioning, appropriate 

transducer and orientation, localization of the Superficial Femoral Artery (SFA), Optimizing 

B-mode image, Optimising colour Doppler image, Assessment of the arterial stenosis with 

colour and the specular Doppler.  Following video, participants were given time to 

familiarize themselves with the operating the equipment.  Any technical questions regarding 

the machines or simulator were answered by the trainers.  Following that, the participants 

were asked to perform a procedure to assess pre-programmed degree of stenosis.  The 

sequences of assessment during the procedure were starting with choosing appropriate 

transducer and pre-set, then, the ability to eliminate the air by applying the correct amount of 

coupling gel.  Next they had to identify the SFA on the phantom. The participants also had to 

optimize the B-mode image, then apply the Doppler colour to observe the blood flow and 

identify the arterial stenosis.  The final step was to use the spectral Doppler to measure the 

exact quantity of PSVR.  The arterial stenosis was programmed wirelessly via a special 

software.  The accuracy of the participants was compared to the standard one that was 

regulated by external observers.  The whole procedure was recorded on video clips and kept 

to be assessed by four independent experts with no indication of participant Identification.  

The PSVR and area reduction were recorded on the scanning screen.  A-DUOSAT, mean 

overall DUOSAT and global rating were made and scored as indicated below 
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  6.8: Results 
A study was performed to examine the effects of practicing duplex ultrasound by using an 

objective structured assessment of technical skills (DUOSATS) for arterial stenosis. The 

study consisted of 10 trainees who were measured after 1 day, 1 week and 1 month of 

training. The objectives of the study included examining the change in parameters over the 

time, and also the agreement between the overall assessment of skills and DUOSATS score 

and global rating score.  

 

Statistical Methods 

 

A key measure of interest was the DUOSAT scores. These were calculated as a total 

(DUOSAT score) and as a mean value of the nine individual components (Overall rating). 

And then compared with a Global rating.  

The first analysis examined the difference in measured parameters between the three time 

points. All outcomes were measured on a continuous scale, and all measurements were found 

to be normally distributed. Two different sets of analyses were performed to assess changes 

in values.  The first set of analyses assessed the overall difference between the three time 

points. This analysis was performed using the two-way ANOVA (analysis of variance). The 

two factors in the analysis were the participants and the time points. The difference between 

the participants was not of interest, but it was necessary to include this term to allow for the 

fact that at each time point there were measurements from the same participants. The second 

set of analyses compared the changes in values between each pair of time points separately. 

The paired t-test was used for these analyses.  All of the previously described analyses were 

performed separately for the observers.  

 

The second set of analyses examined the agreement between the observers for each of the 

parameters.  The strength of the agreement between observers was assessed by the intra-class 
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correlation (ICC). This method divides the variation in values into two sources, the difference 

between participants in the study and the differences between observers for each participant 

(known as within-participant variation). The ICC is the proportion of the total variation 

(calculated as between participant variation plus within participant variation) that is between 

participants. If there is an excellent agreement between observers, the within-participant 

variation will be very small, and thus the ICC value will be close to 1. If the variation 

between observers is as large as the variation between participants, the ICC value will be 0.5. 

Thus a value of 0.5 would suggest poor agreement between observers.  The analysis was 

performed including all the time points in a single analysis. 

 

The next set of analyses examined the relationship between the overall DUOSAT scores and 

the Global rating.  Firstly the difference in 'average' value between the two methods was 

examined, the analysis was performed using the paired t-test. Again, the data from all time 

points was included in a single analysis, and a separate analysis was performed for each 

observer. Secondly, the strength of agreement between the overall and DUOSAT scores was 

assessed using the intra-class correlation. 

 

The final analyses examined the strength of association between each pair of outcomes 

examined using the Pearson correlation. This measures the strength of the association 

between two variables on a scale between -1 and +1. A correlation coefficient near to -1 

implies a strong negative relationship (as one measure increases, the other decreases), a 

correlation coefficient near to 0 implies little evidence of a relationship between the two 

measurements, whilst a correlation coefficient near to +1 implies a strong positive 

relationship (as one measure increases, the other also increases). Due to the large number of 
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observers, only the data from the first observer was used in the analysis of the DUOSAT and 

overall scores 

Separate analyses were performed at each of the three time points and for each of the two 

observers. 

Results 
 

a) Changes in values over time 

The first analyses examined the differences in measured parameters between three time 

points.  A summary of the values at each time point for each parameter are given in table 6.3.  

The mean and standard deviation at each time are reported. As well as the p-value, indicating 

the overall difference in outcome between the three time points.  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

  Table 6.3:  P-value indicating overall difference in values between the three time points 

 

 

 

Outcome Observer 1 day 

Mean (SD) 

1 week 

Mean (SD) 

1 month 

Mean (SD) 

P-value  

      

DUOSAT score 1 18.9 (2.4) 27.1  (1.4)   31.0 (1.8) <0.001 

 2 18.7 (1.8) 27.2 (1.5) 31.70 (1.5) <0.001 

 3 20.0 (1.5) 30.7 (2.0)   32.00 (1.8) <0.001 

 4 19.1 (1.2) 29 (1.2) 31.70 (1.8) <0.001 

      

Overall score 1 1.6 (0.5) 2.7 (0.5) 3.4 (1.0) <0.001 

 2 2.0 (0.7) 3.3 (0.7) 3.7 (0.5) <0.001 

 3 1.7 (0.7) 3.0 (0.8) 3.6 (0.8) <0.001 

 4 1.6 (0.5) 3.2 (0.6) 3.8 (0.4) <0.001 

 

Global rating 

 

 

 

 

PSVR 

 

       1 

2 

3 

4 

 

- 

 

2.3 (0.7) 

2.1 (0.9) 

1.9 ( 1.0) 

1.7 (0.7 ) 

 

1.85 (0.6) 

 

3.1 (0.7) 

3.0 (0.9) 

2.8 (0.5) 

3.0  (0.7) 

 

2.45 (1.2) 

 

  3.7 (0.5) 

  3.8 (0.8) 

 3.6(0.4) 

     3.4 (.5) 

 

2.95 (0.9) 

 

<0.001 

<0.001 

<0.001 

<0.001 

 

<0.11 

 

Diameter error - 12 (17) 8 (10) 6 (4) <0.73 

      



158 
 

 

 

 

 

The results suggested that the DUOSAT score, overall DUOSAT score and global ratings 

significantly varied between the three time points. Each of these variables showed an increase 

in value over time. Even though, the main measurements of PSVR increase and the diameter 

error was reduced among the time points, however, there was no significant difference 

between the three time points for PSVR and the diameter error.  Subsequent analyses 

examined the change in values between pairs of time points, and these results are given in 

table 6.4. The figures reported are the mean change in values between each pair of times, 

along with a corresponding confidence interval. P-values indicates the significance of the 

results are also reported. 

                 Table 6.4: P-value indicating change in value between each pair of times  

Outcome Obse

rv. 

1 day to 1 week 1 week to 1 month 1 day to 1 month 

  Mean  

(95% CI) 

P-value Mean  

(95% CI) 

P-

value 

Mean  

(95% CI) 

P-value 

        

Duosat 1 9 (5, 13) <0.001  4 (01, 09) 0.07 13 (09, 18) <0.001 

score 2 8 (4, 12)   0.001  4 (02, 06)   0.003 12 (07, 16) <0.001 

 3 9 (4, 14)   0.002  2 (01, 03) 0.01 11 (06, 16) <0.001 

 4 9 (05, 14) <0.001    2 (-01,05) 0.22 11 (07, 16) <0.001 

        

Overall  1 1.1 (0.3, 1.9) <0.01 0.7 (0.2, 1.2) 0.01 1.8 (0.9, 2.7)   0.002 

score 2 1.3 (0.8, 1.8) <0.001 0.4 (-0.1,0.9) 0.10 1.7 (1.0, 2.4) <0.001 

 3 1.3 (1.0, 1.6) <0.001 0.6 (-0.2,1.4) 0.11 1.9 (1.0, 2.8) <0.001 

 

 

4 1.6 (1.1, 2.1) <0.001 0.6 (0.0, 1.2) 0.05 2.2 (1.7, 2.7) <0.001 

Global - 0.8 (0.1, 1.5) 0.04 0.6 (-0.1,1.3) <0.08  1.4 (0.8, 2.0) <0.001 

     0.9 ( 0.2,1.6) 

   0.9 ( 0.3, 1.5) 

  1.3 ( 02, 2.6) 

0.04 

0.04 

0.04 

0.8 (0.4, 1.2) 

0.8 (0.6, 1.0) 

0.4 (0.2,0.6)  

<0.08 

<0.08 

<0.08 

  1.7 (1.2,2.0) 

  1.7( 1.4, 1.8) 

  1.7 ( 1.0,2.2) 

<0.001 

<0.001 

<0.001 

 

PSVR 

 

- 

 

0.5 (-0.2, 1.2)   

                       

 

0.14 

 

0.4 (-0.7,1.5)       

 

0.43 

 

0.9 ( 0.0,1.8)      

 

0.05 

D.error  - 2 ( -21,25) 0.85 -6 (-24,11) 0.44 -4 (-16,7) 0.43 
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The results suggest a significant difference in DUOSAT score between 1 week and 1 month, 

and also between 1 day and 1 month for all four observers.  Typically the increase in scores 

was around 0.9 from 1 day to 1 week, and 1.2 units from 1 day to 1 month. Additionally there 

was an increase in values from 1 week to 1 month for two of the observers, although the 

change was not significant for the two other observers. 

 

There was a similar picture for the overall scores, with a significant increase in values from 1 

day to 1week, and also 1 day to 1 month for all four observers. There was an increase from 1 

week to 1 month for all observers, but the result was only significant for one of the four 

observers. 

 

Global scores were significantly increased between 1 day and 1 week or 1 month. Scores 

increased by 0.8 units from 1 day to 1 week, and by 1.4 units between 1 day and 1 month. 

There was only slight evidence of an increase between 1 week and 1 month. 

 

There was no strong evidence of a difference in either diameter error or PSVR between any 

pair of time points 

 

b) Agreement between observers 

 

A second set of analyses examined the agreement between the observers for each of the 

parameters. An analysis was performed including all time points in a single analysis. 

A summary of the intra-class correlation (ICC) values is given in the next table, presented 

along with corresponding confidence intervals. 
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Variable ICC (95% CI) 

  

DUOSAT score 0.88 (0.84, 0.91) 

Global score 0.81 (0.75, 0.87) 

  

       Table 6.5: ICC showing the agreement between the observers for each of parameters 

 

The results suggested an ICC value of 0.88 for the DUOSAT scores. This in a good 

agreement, if not particular high value. The ICC value is lower at 0.81 for the Global score, 

suggesting that is in reasonable agreement between the observers for these measurements.  

 

c) Agreement between global assessment and Overall DUOSAT score 

 

The next analyses examined the relationship between the overall DUOSAT scores and Global 

rating. 

 Initially a difference in 'average' value between the two methods was examined, with the 

results presented in (table 6.6).  For each observer the mean and standard deviation score for 

each method was calculated. Additionally the mean difference, and confidence interval for  

 this difference, between methods is also presented. 

  

Table 6.6:  P-value indicating difference between methods calculated as Overall score minus 

Global score 

 

 

The analyses suggest a significant difference between methods for observer 1. The first 

observer assigned lower overall scores than Global scores, although the mean difference 

Observer Overall 

Mean (SD) 

 Global Rating 

Mean (SD) 

Difference 
(*)

 

Mean (95% CI) 

P-value 

     

1 2.7 (1.0) 3.0 (0.7) 0.3 (0.1, 0.5) 0.04 

2 3.0 (1.0) 2.9 (0.6) 0.1 (-0.1, 0.4) 0.31 

3 2.8 (1.1) 2.9 (0.6) -0.1 (-0.4, 0.2) 0.58 

4 2.7 (1.1) 2.7 (0.6) 0.0 (-0.3, 0.2) 0.83 
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between methods was only 0.3 units. There was no average difference in scores for the two 

methods for the other three observers. 

 

Whilst the average difference between the scores is of interest, the strength of agreement 

between scores is perhaps of higher importance. A summary of the ICC values, measuring the 

strength of agreement between methods is summarized in (table6.7). 

 

Table 6.7: Strength of Agreement between Overall DUOSAT score and Global rating. 

 

    

 

The results suggest that ICC values are around 0.82 for each observer. These are reasonable 

values, suggesting that there is particularly good agreement between the two methods for 

each observer.  

 

 

 

 

 

 

 

 

 

Observer ICC (95% CI) 

  

1 0.84 (0.64, 0.94) 

2 0.83 (0.63, 0.93) 

3 0.79 (0.58, 0.91) 

4 0.84 (0.69, 0.89) 
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d) Association between variables 

 

The final analyses examined the association between each pair of outcome variables, and the 

results are summarized in (table 6.8). The figures reported are the correlation coefficients, 

along with corresponding p-values indicating the significance of the results.   

                     Table 6.8: The association between each pair of outcome variables 

The results suggest that at the 1 day time point, the DUOSAT score, global rating, the overall 

score and PSVR were significantly correlated. The positive correlation implies that a higher 

PSVR is associated with a higher overall score. At 1 week only the DUOSAT score and the 

Timepoint Variable 1 Varible 2 Coefficient P-value 

     

1 day DUOSAT Overall score 0.62 0.37 

 DUOSAT Global rating 0.83 0.003 

 DUOSAT PSVR -0.11 0.76 

 DUOSAT Diameter error -0.39 0.33 

 Overall score Global raing 0.61 0.06 

 Overall score PSVR 0.81   0.005 

 Overall score Diameter error -0.11 0.76 

 Global rating PSVR 0.43 0.21 

 Global rating Diameter error 0.27 0.45 

 PSVR Diameter error 0.09 0.80 

     

1 week DUOSAT Overall score 0.76 0.01 

 DUOSAT Global rating 0.93 0.003 

 DUOSAT PSVR 0.29 0.41 

 DUOSAT Diameter error -0.35 0.31 

 Overall score Global raing 0.74 0.01 

 Overall score PSVR 0.06 0.86 

 Overall score Diameter error -0.26 0.47 

 Global rating PSVR 0.16 0.65 

 Global rating Diameter error -0.16 0.65 

 PSVR Diameter error -0.65 0.04 

     

1 month DUOSAT Overall score 0.85 0.002 

 DUOSAT Global rating 0.95 0.001 

 DUOSAT PSVR 0.50 0.13 

 DUOSAT Diameter error -0.64   0.04 

 Overall score Global raing 0.83 0.003 

 Overall score PSVR 0.42 0.22 

 Overall score Diameter error -0.50 0.13 

 Global rating PSVR 0.33 0.34 

 Global rating Diameter error -0.53 0.08 

 PSVR Diameter error -0.14 0.69 
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global rating, and Overall rating were significantly related. The positive correlation implies 

higher DUOSAT scores are associated with higher global ratings At 1 month the DUOSAT 

score and diameter errors were negatively correlated, suggesting that a higher DUOSAT 

score was associated with a lower error. However, at all three time points the majority of 

associations were not statistically significant 

E) - Sensitivity and specificity  

A receiver Operator Characteristics Curve (ROC) was plotted to show the sensitivity and 

specificity of DUOSAT scores in determining the significant stenosis PSVR and determining 

the cut point of optimum sensitivity and specificity.  

Figure 6.15: ROC showing the sensitivity and specificity of DUOSAT score in determining 

significant arterial stenosis by measuring PSVR 
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Figure 6.16: under curve area (0.83) of sensitivity and specificity of Duosat score 

 

Table 6.9: various cut points the specificity and sensitivity of DUOSAT score to determine 

the significant stenosis  

 

 

 

Area Std. Error Asymptotic Sig.
b
 

Asymptotic 95% Confidence 

Interval 

Lower Bound Upper Bound 

.833 .071 .002 .694 .973 

Cut Point Sensitivity  1-specificity  

16.00 
0.00 0.000 

17.50 
0.00 0.050 

18.50 
0.333 0.050 

19.50 
0.667 0.200 

21.00 
0.833 0.350 

23.00 
1.00 0.400 

25.00 
1.00 0.450 

26.50 
1.00 0.500 

27.50 
1.00 0.550 

29.00 
1.00 0.600 

31.00 
1.00 0.700 

32.50 
1.00 0.800 

33.50 
1.00 0.900 

34.50 
1.00 0.950 

36.00 
1.00 1.00 
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F) – Correlation between DUOSAT score and Global rating score among time points: 
 

 
 
 
 
G) – Correlation between DUOSAT scores and overall Rate score among time points: 
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H) – Correlation between DUOSAT score and diameter reduction errors among time points: 

 
 
I) – Correlation between DUOSAT score and PSVR among time points: 
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 6.9 : Discussion and Conclusion  

The great development of hand-held ultrasound machines have motivated the use of 

diagnostic ultrasound widely in  rapid assessment units.  It provides a competitive detailed 

resolution and  high accuracy measurments compared to the convensional ultrasound 

machines(Wen et al., 2002, Lin et al., 2003, Bruce et al., 2002).  The practice of ultrasound  

is expanding in clinical medicine, and as a consequence, there is an increased  demand for 

education and training.  As it is known that , the effectiveness  of ultrasound as a diagnostic 

tool is highly dependent on the operators skills. The skill of Ultrasound operator is known to 

positively correlate with the number of scans performed. Some attempts have been done to 

determine how much practicing required to achieve competence in performing ultrasound 

procedures independently(Eiberg et al., 2008).  The traditional way to assess technical skills 

has been limited to the use of logbooks that recording the type of procedures and number of 

cases that have been done.  For the operator of ultrasound to be working independently, he 

needs to be assessed by trainers through observation and in most of the cases the procedure 

should be done again by qualified practitioners. This is in addition to the high cost and 

prolonged scanning times, required to get patient approval in every case.  Although, the 

traditional method based on “see one, do one, and teach one” is very effective in terms of 

combining building experience and enhancing analytic thinking ,However, it has many 

limitations in medical fields  due to patient safety issues, different learning curves of the 

trainees , randomised occurrence of specific pathologies, and lack of formative and 

summative assessment tools and feedback.  Therefore , a wide range of  simulation-based 

training using medical phantoms is used  in response to high demands for education and 

training of medical ultrasound in multi medical professions with little previous experience.  

Bedside ultrasound has become routenly used in every day surrgery practice.  Although many 
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studies have validated the competency level of surgeons to diagnose a large spectrum of  

pathology at the bedside (Beggs and Thomas, 2013), however, there is a lack of content 

validity in respect to the assessment tool of the technical ability of the operator performing 

ultrasound procedures.    In our study, a novel methodology assessment and diagnostic guide 

tool was used based of on simulation. A constructed ultrasound training program targeted  

trainee surgeons with novice experience with Duplex ultrasound to perform and asses arterial 

stensosis of lower limbs.  Our novel multilayer life size leg phantom  used with a DUOSAT 

as a novel assessment tool in a well structured training program to assess  technical skill 

improvment of a surgeons resident with no previous experience in ultrasound performance. 

To mimick a real life situation in our study,  A different types of silecone with addative and 

scaterer materials used to create life size phantom with multilayeres that represent skin, 

subcautaneous fat, muscles . Although , the speed of sound, attenuation coefficient has not 

been measured with a reliable machine, we used ultrasound echoes to determine the required 

detailed resolution, axial and lateral resolutions.  The vascular wall was made from C-flex 

(Cole-Palmer) which was considered as one of the most suitable tubing materials in term of 

physical and acoustic characteristics. Enclosed blood-mimicking fluid  flow initially was used 

to produce spectral waveform in the phantom to test the chosen material. We used a 

microprocessor –controlled pump to produce continuous and pulsatile flow. A validated 

arterial waveform has been acheived with accurate measurment layers of skin, 

subcautaneous, muscle, and lower limb arteries. The main goal of a novel life-size multilayer  

leg was  to make a transaction quite easy from an  in-vitro to an in-vivo environment. Our 

constructed simulated-based  training program used a novel methodology  assessment and 

diagnostic guide tool to assess progress of trianee among timepoints in respect to technical 

skills, measuring focal arterial stenosis by PSVR and diameter reduction methods.  Our 

results showed a significant improvment of  technical skills of ultrasound scanning.  A further 
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statistical analysis of a pair of time points  has shown that, a period of   1 day-to- one week  

was the most significant improvement in the  technical skills.  The technical skills included, 

aquiring image in B-mode, colour coded ultrasound, and spectral Doppler.  The main 

measurments of PSVR and diameter reduction accuracy were improved among timepoints , 

however , the changes were not statistically  significant ( PSVR ,P = 0.11, DR, P = 0.73 ). 

Most likely this finding reflected the greater knowledge of the participants being  surgeon 

resident giving them the advangage of knowing how to do the correct measurment.  This  

could be due the fact that the advanced technologies of recent ultrasound machines have 

made the measurments a simpler task. A further statistical investigation used 2x3 ANOVA  to 

test the effect of DUOSAT sheet on the other  parameters , for instant,  global rating and 

diameter reduction errors has shown that : A 2( error and global ratio) x3 Repeated easures 

ANOVA factors ( 3 DUOSAT score time 1day 1 week, 1 month ) revealed a significant main 

effect for DUOSAT score F[ (9,1) = 20.68, p< 0.001), error F[ (9,1) = 2353, p<0001)] and a 

significant interaction fr DUOSAT score*error F[ (9,1) = 743 p<0.015].  The interobserver 

agreement has shown a high reliability of DUOSAT score as an assessment tool. DUOSAT 

sheet is used to divide the whole procedure to a checklist of tasks that has to be followed step 

by step to facilitate the procedure and make it more organized sequences to the novice 

trainers.  On the other hand, it helps the trainee to point out the most difficult task that 

required more focus to gain acquired skills. Therefore, the checklists were set to reflect 

progression through the basic concepts to the more complicated oneS.  More complicated 

tasks were given greater marks to distribute the weighting evenly accord to the complexity of 

the task.  According to the DUOSATS domains , there was a significant improvment of 

domains that were related to the technical skills throughout time points which reflected 

construct validty for individual domains.  This  is approved to cover a wide range of required 

skills to perform competency to the arterial stenosis scanning and measurments. ROC data 
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showing the area under the curve was 0.833 which reflects the sensitivity and specificity  of 

DUOSAT score to determine the  significant stenosis based on PSVR. The suggested cut off 

point of DUOSAT score is 21 out of 34 to be used in simulator assessment of arterial stenosis 

study.  

 As the DUOSAT sheet was recently validated and there was not much information available 

based on its use the global overall rating was used to confirm the validity and reliability of 

DUOSAT as an assessment tool and diagnostics guide to detect the lower limb arterial 

stensis.  The Global rating, Overall average rating has shown a strong correlation with 

DUOSAT score ( R
2 

= 0.72  for global rating, R
2
= 0.62 for overall rating).  Moreover Inter-

rater has shown a high agreement amongst the four expert assessors[ ICC=0.88( 0.84-0.91). ( 

95% CI)]. Our results show the high reliability of DUOSAT score as an assessment tool to 

measure competency of surgeon residents to perform ultrasound scanning for lower limb 

arterial stenosis in our simulation system. However , there were some limitations that need to 

be worked on  to improve our training program.  This  include more pathological scynarios of 

vascular applications. One of the limitations  that , the only  a single stenotic area with one 

degree of stenosis. It is recomendded to apply multystenotic areas with different stenosis 

degree in the future expermints to be more practical training. Our phantom showed a 

promising result to facilitate the difficulty of anatomical  appearance and more work need to 

be  applied  the synarios of showing the calcification of arterial wall and odematous under 

subcautaneous fat which  is  presented with moderate to severe peripheral arterial disease.  

More over A further study is required to investigate how  multlayer phantom with our 

simulator system affected  in transmission the training of technical skills and accurate 

diagnostics to the real patient studies.   
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In summary, both the DUOSAT score and the Global rating have shown  a strong agreement 

in measuring the improvment of trainee’s technical skills. However, the DUOSAT sheet has 

an advantage over global rating of content validity and constructed procedure tasks that may 

help the trainee to facilitate his acheivment through a constructed systemic pathway.  Our 

study has shown a high inter-rate reliability among expert assessors.  ROC data suggested 

that the DUOSAT score of 21 out of 34 is the highest cut point of senstivity and specificity to 

measure the significant arterial stenosis. Our novel multilayer leg phantom has facilitated 

some challenges of the real anatomical appearances including ,skin, subcautaneous fat, 

muscle, and blood vessels. Further work on the phantom is required to include the ultrasound 

appearance of subcautanous oedema and arterial wall calcifications that is considered a 

common finding  of a wide range of peripheral arterial patients.  Step after that is an in-vivo 

study on  real patients to assess transfere of scanning skills from simulation-based to a real 

life of patient cases.  
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                                    Chapter 7 
e Effects of Practicing Duplex Th

Ultrasound by using Objective Structured 
Assessment of Technical Skills 
(DUOSATS) for venous reflux detection 
 
7.1 Introduction  
Duplex ultrasound is now recognised as a gold standard for lower limb venous examination.  

Changes in the training of vascular surgeons now require them to undertake training in 

vascular ultrasound to a clinically acceptable competence level.  Traditional in-house learning 

process is lengthy and assessment of continuous progress is difficult.  An ideal way forward 

is through a formalized and structured training scheme.  Simulator training is increasingly 

being used for acquisition of psychomotor skills. The most important factor to increase the 

potential of clinical ultrasound is learning the technical skills to optimise the quality of 

ultrasound imaging to give accurate diagnostic information. The ultrasound modality is 

known as a highly operator dependent.  The traditional way to assess technical skills has been 

limited to the use of logbooks that record the type of procedure and number of cases that has 

been done.  For the operator of ultrasound to be working independently, he needs to be 

assessed by trainers through observation and in most cases the procedure should be done 

again by a qualified practitioner. This is in addition to the high cost and prolonged required 

scanning time.  It is also required to get patient approval in every case.  Moreover such a 

training method lack content validity as they do not provide an assessment of the technical 
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ability of the trainee performing the procedure.   There is a need for a validated assessment 

tool for Duplex venous assessment for both simulator and real life training.  A novel 

assessment tool: Duplex Ultrasound Objective Structured Assessment of Technical Skills 

(DUOSATS) was developed.  A modified DUOSATS was used for simulator training.  Our 

study is aimed to use DUOSAT sheet in a planned course using theory instruction, goals and 

objectives, to assess the progress of vascular surgery residents with novice experience users 

of Duplex Ultrasound to detect venous reflux.   The variables that were used to measure the 

progress of performance were based on the improvement of technical skills using DUOSAT, 

scanning time, and the accuracy of measuring reflux time. 

7.2 Venous reflux  
The lower limb venous system returns the deoxygenated blood back to the heart. It is 

composed of superficial and deep veins that communicate via the perforating veins.  The 

blood normally flows from superficial to deep veins. One such example is provided by 

the perforator veins that represent a channel that allows for the flow of blood in one 

direction from the superficial to deep veins.  To keep the venous flow towards the heart 

against the gravity force, the lower limb veins form folds of intima and form valves 

located in various segments throughout the veins. Those valves are bicuspid or semi-lunar 

shaped which are opened and closed in response to the pump force by the calf muscles.  

Venous valves dysfunction cause a venous reflux which is defined as a venous retrograde 

reverse flow of abnormal duration.  Figure 7.1 shows the venous blood flow in the case of 

diseased and healthy valves. 
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Figure 7.1: venous direction flow A) – in the case of a healthy venous valve, B) – in the case 
of a diseased valve. 

Venous reflux physiologically occur just before valve closure and the pathological venous 

reflux threshold lasting period is greater than 0.5 of a second at the calf area and extends to 

1.0 second at the femoropopileteal veins (Labropoulos et al., 2003). 

Lower limb venous reflux is associated with primary vascular incompetence, chronic venous 

insufficiency and progressing varicose veins.  Venous reflux is mainly caused as a result of 

congenital valve absence, or incompetence as a result of recanalization of thrombosis venous 

segments.  It should be considered that, the venous reflux could occur alone or could be 

associated with venous obstruction (van Bemmelen et al., 1989b). 

7.2.1 Epidemiology of varicose veins and venous reflux   
Varicose veins are a very common medical problem.  Many studies have investigated the 

prevalence of varicose veins, chronic venous insufficiency and the gender distribution.   

Varicose veins affect approximately 30 percent of the adult population. The prevalence of all 

degrees of venous varices increase with age (Evans et al., 1999) 

The prevalence of varicose veins in men is increased from 3% at the age of 30-40 years to 

40% in the 0ver70 year’s age range.  Similarly range with women, the prevalence of varicose 

veins is increased from 20% at the 30-40 age range to 50% at the over 70 age range (Staffa R, 

2002). 
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The long saphenous veins have the highest rate of venous reflux among the rest of the 

superficial and deep lower limb veins.  Superficial venous reflux occurs at around 70-80% of 

the whole chronic venous disease, whereas the deep venous reflux occurs at around 10% of 

the chronic venous disease. Combined of superficial and deep venous reflux occur around 

20% of the chronic venous disease.  It is estimated that the prevalence of varicose vein vary 

from <1% to 73% in women and from 2% to 56% in men.  Whereas, the prevalence of 

chronic venous insufficiency varies from <1% to 40% in women and from <1% to 17% in 

men. There is a higher prevalence of varicose veins disease in western countries in 

comparison to developing countries. 

7.2.2 Lower limb venous anatomy  
 

The venous insufficiency disease has been widely investigated; however, it is still not fully 

understood.  There are more complicated manifestations than those associated with arterial 

occlusive disease.  The manifestations of venous insufficiency disease are produced not only 

from the obstruction of the vessel, but also produced directly from incompetence of the veins 

or ineffective peripheral muscle pumps.  To be able the effectively investigate venous reflux 

mechanisms; it is mandatory to focus on the anatomy of lower limb venous systems.  

Although the veins are composed of Intimal, medial, and adventitial layers, however, there 

are differences of the constructions of those layers in contrast to the arteries.  The veins have 

much thinner walls, and have a weaker muscular layer and less elastic tissue .The outermost 

layer of the vein is the thickest layer and contains more collagen which makes the veins 

stiffer than the arteries.  The differences of microscopic anatomy between the arteries and 

veins shown in Figure 7.2 (Browse et al., 1991). 
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Figure 7.2: Microscopic structures of arterial and venous wall. 

                

Lower limb veins can be divided into superfical, perforating, and deep veins.  The term deep, 

superficial, and perforating are used with respect to the anatomical relationship between the 

vein and muscular fasica.  The deep veins inlude common femoral vein, femoral profunda 

vein, femoral vein, popliteal, posteriot tibial, anterior tibial and peroneal veins.  The deep 

veins is located beneath the deep fasica (between the deep fascia and the bones of the lower 

extremity).  This is responsible for draining 90% of the whole blood of the lower extermity 

into the heart.  The superficial veins lie in the superficial compartment that  lies between the 

skin and the deep fascia.  The principal veins of the superfical system are the great saphenous 

with its anterior and posterior tributaries and short saphenous vein.  In addition  the reticular 

veins lie between the saphenous fascia and the dermis (Figure 7.3). 
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Figure 7.3: The saphenous compartment (SaphC) is bound superfi- cially by the saphenous 

fascia (SF) and deeply by the muscular fascia (MF) and contains the saphenous veins (SV) 

accompanied by the saphenous nerve (SN). The accessory saphenous veins (ASV) lie external 

to this compartment, close to the dermis (D). SC, Superficial compartment; DC, deep 

compartment( Adapted from (Caggiati et al., 2002). 

 The great saphenous vein(GSV) is considered the longest vein in the body.  GSV orginates 

from  the dorsal venous arch of the foot, and passes the anterior to the medial mallelous and 

ascends medially across the knee and anteromedially above the knee joining the common 

femoral vein at the saphenofemoral junction in the inguinal area.  The  GSV has two main 

tributaries located close to the medial malleolus and connecting to the greater saphenous just 

distal to the knee and anterior and posterior accessory saphenous veins which are located 

outer to the superficial fascia. (Caggiati et al., 2002).  Many anatomical variations of the GSV 

have been noticed in the literature and can be clinically significant.  True duplication of the 

GSV  which was siplts the veins into two separate chanells lie on the deep muscular facia and 

rejoin later occurred in the thigh  in 8% and 25% in the calf of cases(Thomson, 1979). 

The most important superifical vein along the posterior aspect of the calf is the Short 

Saphenous Vein( SSV).  It orginates from the dorsal pedal arch and passes posteriomedially 

to the lateral malleolus and drains into the popliteal vein. Anatomical variation particularly in 

respect to the SSV termination are not uncommon.  In a total of 1000 legs studied SSV in 
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approximately 43.1% were terminated in the popilteal vein, 44.4% join the thigh veins and 

2.8% were terminated either in the greater saphenous vein below the knee or in the deep leg 

veins (de Oliveira et al., 2004) 

The soleal veins drain the blood from the deep  calf muscles  to either the posterior tibia vein 

or the peroneal vein, whereas, the gastrocnemius veins drain the superficial calf muscle 

directly to the popliteal vein. These are clinically important as they are known as the site of 

stasis inductive for Deep Veins thrombosis formation.  Both the calf muscle veins and  the 

superficial veins return blood back to the heart via the deep veins of the lower limbs.  

 

The perforator veins penetrate the deep fascia and connect the superficial veins.  There are 

two type of perforator in term of their connection: the Direct perforator veins which connect 

the superficial vein directly to the deep veins, the other type is undirect perforator veins 

which connect the superficial vein to veins and the venous sinus of the leg muscle.  The 

perforator veins are designed in oblique positions and contain valves that take blood flow in 

one direction from the superficial veins to the deep venous system.  The perforator veins are 

distributed throughout the whole leg.  However, the main perforator veins tend to have 

particular anatomical locations.  The main identified perforator groups include : Hunterian 

peforator veins which are located at the mid thigh level, Dodd’s perforator veins which are 

located at the adduct canal level, Boyd’s perforator veins which located at medial knee level, 

and Cockett’s perforators which are located at the medial ankle level ( Figure 7.4 ), (Black, 

2014). 
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Figure 7-4 : A)- schematic of anatomical correlation of Spuperficial and deep venous system 
of lower limb, B)- it shows normal flow direction of superficial, perforator and deep venous 
system, c)- it shows anatomical location of Identiied perforating groups of lower limb 
(http://www.wsiat.on.ca/english/mlo/venous….htm) 

 
7.2.3 Haemodynamic lower limb veins  
The un-oxyginated blood and cellular waste return from lower extermities to the heart via a 

network of varying veins. This starts from a venule and the small veins peripheraly which 

gradually getting bigger as they travel towards the heart and are drained into the right atrium.  
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The heamodynamic flow of the lower venous system is very complicated as it flows against 

the gravitional force in the upright position in addition to its interaction in the superficial, 

perforating and deep veins system. The effective blood flow in the lower venous system is 

potenially enhanced by gradient pressure, calf muscle pump mechanisms, physical properties  

of the venous wall and the venous valvular competencies.  The venous wall of lower 

extermity has the ability to expand to accommodate an increased blood volume capacity that 

could reach to around 65% of the entire cardiac output volume.  

The gradiant pressure is mainly generated from the pumping action of the left ventricle of the 

heart. Most of the dynamic pressure is dissipated in the arterial system and the dynamic 

pressure in the lower venous system ranges from around 15 mmHg at the venules to around 

<8 mmHg  at the right atrium ( Figure 7.5). 

                           Figure 7-5: Gradient pressure in the blood vessel circulation 

Obviouslly , the dynamic pressure of the lower venous system is not enough force  to return 

equal amounts of blood as required to be equavelent to the cardiac output.  Therfore , 

competent venous valves and and the lower extermity muscle pumps are very cruicial to eject 

blood effectivelly from the lower limbs.  Activites of the calf muscle are effectivelly 

enhancing the lower limb venous circulation. During the calf muscle contractions, the 
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pressure of the deep veins elevate to approximatelly 200 mmHg which generates the pressure 

gradient to drive the blood into the popliteal and femoral veins.     

At the same moment the perforating valves are closed to prevent flow from the high pressure 

deep veins into the low pressure superficial veins.  Subsequently, relaxation of the calf 

muscle generates negative pressure which makes the deep compartment pressure lower than 

the pressure in the superficial compartment and the flow drives from the superficail veins into 

the deep veins system ( Figure 7.6) . 

                               

                           Figure 7.6: Calf Pump Muscle Mechanism 
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7.3. Pathophysiology of venous reflux  
As a normal physiological phenomenon during the calf muscle relaxation, the venous reflux 

in the lower extremity occurs in the competent venous valve for a period of 200-300 

milliseconds (Recek, 2013).  Venous reflux is considered a medical problem in the case of a 

retrograde flow in the reverse direction exceeding a duration of 0.5 second (van Bemmelen et 

al., 1989b) 

In healthy leg veins  , the pressure gradiant, the peripheral muscle pump, and the competent 

valves work as a circuit to reduce the venous pressure from approximatelly 100mmHg to 

around 22 mmHg.  Dysfunction of any compenent of the functioning circuit could lead to 

excess accumulation of blood in the lower extermity veins, as a result over time, the  venous 

hypertension will be increased and cause chronic venous insufficiency (Meissner et al., 

2007).   

The most common cases of venous insufficiency occurs as a result of valvular incompetent of 

the deep, superficial, perforating veins, Venous obstruction, or A combination of them and 

the seveirty of the clinical symptoms are associated with  anatomical locations of impaired 

valve and the extend of the reflux.The number of valves are increased from the proximal 

femoral vein to the distal veins of the lower leg to overcome the gradual increase of 

hydrostitic pressure distally (Eberhardt and Raffetto, 2005). The sapheno-femoral junction ( 

SFJ ) and the greater saphenous vein ( GSV ) are the most common sites of valvular 

incompetency. Less common sites of valvular incompetence  is the short-saphenous ( SSV ) 

and the Sapheno-Popliteal Junction (SPJ )(Min et al., 2003).  The dysfunction of the valve in 

the superficial venous system is calssified as a primary varciose vein, whereas it calssified as 

a secondary varciose vein when they are associated with the obstruction or incompetance of 

the deep venous system (Eberhardt and Raffetto, 2005).  Venous reflux is considered a 

pathological status when it occures due to a congenital absent or incompetent valves weather 
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it is due to degenerative process ( primary ) or a secondary to venous outflow obstruction,  

recanalisation or dilatation (Meissner, 2005).  Secondary to the venous obstruction, the valve 

cusps may be surrounded by the thrombus which could push the valvular structure to get 

stuck on the lumina venous wall leading to valvular fragmentation . consequently may lead to 

lack of valvular function and vein remains incompetent even though of recanalization 

form.complete recanalization required 2.3 to 7.3 times longer in refluxed segment of the vein  

than in segments in which valve function was maintained (Meissner et al., 1993) 

The main theoritical mechanism of primary varicose vein is the inability of the valve cusps to 

come together resulting in a retrograde blood flow.  A retrograde reflux flow or venous 

obstruction or combination of both will increase venous hypertension.   Although the intial 

stage of venous hypertension asymptomatic , with time is prolonged will develop to dilate 

cutaneous veins such as telangiectases and reticular veins, more worse varicose veins with 

dilatation and tortours. If  left untreated, this may cause venous eczema, haemosiderinosi, 

lipodermatosclerosis and eventually healed or open  ulcerations. Although  , the venous ulcer 

formation is considered as a secondary to the venous hypertension. However, it is still not 

fully understood. A couple hypothesis has been suggested to explain the venous ulcers.   The 

earliest theory by Homman in 1917 , based on the stasis concept , the theory suggested that, 

the Venous Ulcers occur due to stasis which is poorly oxyginated stagnant blood in the 

varicose veins.  However, many studies have shown that the blood in varicose veins were 

rich-oxyginated. The more advanced theory named precapillary fibrin cuff hypothesis, stated 

that the pressure hypertension on the venous side of the capillary bed will lead to capillary 

distension and as a result will cause leakage of fibrinogen and red blood cells which gather 

around the cappilary and form a barrier of fibrin cuffs that prevent the deffusion of oxygen 

and nutrients to the tissue cells.  This process could lead to  cell death and tissue ulceration.  

Despite the strong evidence that has been gathered to support the role of fibirn cuffs in cell 
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death and venous ulceration, many studies have not been consistent with fibrin cuffs theory. 

Fibrin cuffs found not contineous along the capillary and irregulary distributed which indicate 

that , they are unlikely barrier to oxygenation and nutrients diffusion (Valencia et al.).  Other 

studies showed that Oxygen levels are unchanged in the presence of fibrin cuff, and further to 

that , Ulcer can heal even in the presence of fibrin cuff (Falanga et al., 1992). White cell 

trapping theory proposed based on the fact that venous hypertension decreases blood flow 

velocity through the capillaries which could lead to white blood cells ( WBC ) sticking to 

each other or could adhere to capillary walls.  Consecuentlly , the WBC will plug capillaries 

and lead to tissue cell damage.  Capilarries adhered by WBC lead to migration of activited 

WBC which eventually release inflamatory mediators and enzymes which can cause further 

vascular premability that may lead to leakage of fibrinogen and  leucocyte  trapping 

(Valencia et al., 2001). 

In addition to the valvular incompetence theories , there are many other  hypothesis 

explaining the pathogenisis of primary varicose veins, the primary vein wall weakness theory 

refers to the development of varciose veins as a result of a dilatation of the thin wall of 

primary veins in response to venous hypetension (Ludbrook, 1986) 

There is increasing evidence that the primary varciose vein could be caused in response to 

alteration of venous wall morphology.   Histological studies domenstrates that in comparison 

with normal veins, the varicose veins had markedly larger wall areas and increased synthesis 

of collagen.  Further to that , the muscular layer contains higher smooth muscle and elastin  

(Travers, Brookes et al. 1996). 

The severity of clinical symptoms of chronic venous disease are strongly correlated with the 

quantity of ambulatory venous hypertension.  In a study of 236 legs with venous problems, it 

has reported that, were no ulceration occured at the ambulatory venous pressure less than 
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30mmHg, whereas, the percentage of ulcer occurrence reached to 100% of the ambulatory 

venous pressure was greater than 90mmHg (Nicolaides et al., 1993).   

Onother study of 95 extermites for patients with venous ulceration using duplex ultrasound  

showed that the venous ulceration is associated with multisystem incompetent veins more 

than a single system incompetent vein (Hanrahan et al., 1991) 

A growing knoweldge of venous pathophysiology, a proper investigation of a patients 

history, risk factors , and physical tests in addition to choosing  an appropriate vascular 

laboratory test procedure provides the basis for the management and treatment of patients 

with chronic venous disease.  The following section provide a brief review of physical tests, 

clinical signs and symptoms and several venous vascular tests which may be used to 

determine the extent of venous disease and assessting  which diagnosis or treatment to 

implement.  

7.4 Clinical assessment and laboratory investigation of chronic 

venous disease  
 The initial assessment of the patients who were presented to the vascular clinic begins with a 

clinical history and physical examinations of the lower extremities.  The legs should be 

examined in an upright position to allow maximum destination of the veins (Eberhardt and 

Raffetto, 2005).  The physician should identify the visual signs and symptoms, which 

include: aching, pain, tightness, skin irritation, pruritus, heaviness, tingling, muscle cramps, 

varices vein such as telangiectasia, dilated veins, and changes in the skin, oedema, and ulcers. 

The clinical signs of chronic venous insufficiency are graded according to the severity of the 

condition.  Class 0 represents a condition with no signs of venous disease, Class 1 

telangiectasia, Class 2 varicose veins, Class 3 oedema, Class 4 changes in skin and 

subcutaneous tissue, Class 5 Healed Venous Ulcer, class 6 Active Venous Ulcer.  
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 The physical examination does not always determine the nature and the extent of the primary 

pathology, particularly with differential diagnosis; several diagnostic tests are used to confirm 

the diagnosis.  This section will briefly review diagnostic tests available in the assessment of 

the venous reflux. Tests are divided into two categories: physical exam, non-invasive testing 

(venous duplex imaging, continuous wave Doppler ultrasound, photoplethysmography and 

airplethysmography) and invasive testing (phlebography and ambulatory venouspressure). 

7.4.1 Physical Examination  
Several physical tests can be performed during primary evaluation in the vascular clinic that 

could indicate to the source of the venous pathology: 

I. The Cough Impulse Test 

This test is performed by putting a finger over the SaphenoFemoral Junction (SFJ) while the 

patient is standing. Then, the patient is asked to cough; a palpable thrill or impulse is 

suggested as a sign of SFJ reflux. The exam is limited by obesity of the patient, and in the 

case of over coughing. 

II. Percussion Test 

This test involves tapping of the long saphenous vein (LSV) at the knee level; a finger is 

placed over the SFJ while the patient is standing, if impulses are felt by the finger that means 

the LSV is distended with blood.  Then, the SFJ is tapping while a finger is placed over the 

LSV at knee level, if impulses are felt by the finger that indicates LSV refluxes at the knee 

level. 

 

III. The Bordie-Trendelenburg Test 

The test is used to assess valve incompetence of the LSV and perforator veins.  It is 

performed by elevating the leg of supine patients to approximately 45 degrees to drain the 
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superficial veins.  A tourniquet or manual pressure is applied as close as possible to the groin.  

Then, the patient is asked to stand while the vein is observed for 15-30 seconds while 

maintains the pressure.  In the case of the vein remains empty, this means the SFJ is 

incompetent.  If there is perforator incompetence, the vein will fill slowly from the bottom to 

the top.  In the second part of the test, a tourniquet or the manual pressure will be released, in 

case of very rapid filling of LSV from top to the bottom, that suggest SFJ competency. If SFJ 

is competent, no retrograde filling will occur. Table 7.1 summarises the result as a positive 

and negative in case of maintained or released pressure.  

Vessel Tourniquet pressure 

       Maintained 

Tourniquet pressure 

       Released 

Pathological status 

SFJ Negative Positive Incompetent 

Perforator  Positive  Negative  Incompetent 

SFJ + Perforator Positive Positive Incompetent 

Table 7-1: The Bordie-Trendelenburg Test result as a positive or negative filling blood in 
case of maintained or released pressure  

 

IV. The Perthe’s Test  
This test is performed by applying a tourniquet below the knee, while the patient is standing.  

Then, the patient will be requested to raise the heel of the foot for about ten times 

spontaneously, if the varicose vein disappears, that means the incompetence valve will be 

above the tourniquet level. The effected valve will be either SFJ or SPJ.  In the case of the 

varicose vein remains distended, it suggests that the incompetence level will be below the 

tourniquet level.  Despite the high sensitivity of the clinical tests, the specificity is very poor 

at 15% when compared to the Doppler ultrasound that has a sensitivity and specificity of 97% 

and 73% respectively.    As a consequence of the rapid and advanced development of medical 
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technology, the clinical tests have been replaced by more reliable diagnostic imaging tests 

(Krishnan and Nicholls, 2005) 

7.4.2 Invasive Test  
Invasive terminology used when the procedure is required to penetrate the skin and enter the 

vein via a needle.  The main two invasive tests that using for diagnostic venous insufficiency 

are: 

I. Venography 

A venography is a procedure that studying veins based on x-ray visualization of the veins.  It 

can be performed as ascending or descending methods.  

Ascending and descending venography historically were used as a gold standard to evaluate 

chronic venous insufficiency.  Although, the venography is still being used as a diagnostic 

tool under a few particular circumstances, it is being replaced by other non-invasive 

procedures. 

The venography as an invasive procedure has many limitations.  It is very difficult to repeat 

due to the nature of the procedure.  The injected contrast material during the procedure has a 

high percentage of side effects which can cause foot cellulites.  In addition to the venography 

are not used with chronic renal failure patients or allergic reactions for some patients.   

Regardless of the sensitivity of venography to determine the anatomical sites of reflux, it is 

not able to measure the reflux (Neglen and Raju, 1992) 

Ascending venography is aimed at determining the outflow obstruction of the deep veins and 

to confirm the presence of perforator reflux.  In order to evaluate venous reflux, the patient 

should lie flat on the back, then, the table will be raised horizontally to 60 degrees.  The 

examined leg should be free of body Weights.  Contrast is injected in the superficial vein on 

the dorsum of the foot and gently enforced into the deep veins.  The injected contrast is 
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spontaneously visualized on a fluoroscopy screen.  When the contrast reaches to the popliteal 

vein level, the patient will be requested to plantar flex the foot once or twice. As a result of 

the plantar flex, the blood and contrast will be forced proximally into the deep veins but a 

reflux flow from deep to superficial at incompetent sites in the muscle relaxation phase 

(Nicolaides et al., 1989) 

In addition to the assessment the site of reflux, the descending venography can also determine 

accurately the extension of a reflux.  This is also performed when the patient lies flat on the 

back, then; the table is raised horizontally to 60 degrees.  The examined leg should be free of 

body Weight. A venous catheter is inserted into the common femoral vein and the patient is 

kept breathing normally.   Contrast is then injected slowly and tracked through the 

fluoroscopy. Initially, the competence of the common femoral, femoral, profunda femoris, 

and popliteal veins can be assessed.  Small amounts of contrast are injected slowly while the 

patient is asked to apply a Valsalva maneuver to enhance image capture of location and the 

extent of reflux. A leakage of contrast and retrograde flow are visualized in case of 

incompetent veins.   The severity of reflux has been graded by Kistner et al, 1986 from 0-4 as 

shown in Table 7.2.  

GRADE DESCRIPTION  

0 No reflux 

1 Minimal reflux limited to the upper thigh level 

2 Moderate reflux is extended to the lower part of thigh 

3 Moderate reflux is extended to the lower part of thigh, but 

associated with incompetent popliteal valves 

4 Severe reflux extended to the calf veins 

Table 7.2: Grades of reflux on descending venography as described by (Kistner et al, 1986) 
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II. Ambulatory Venous Pressure (AVP) 

The procedure is performed in an upright position, while the examined leg should be free 

of body Weight.  A small needle is inserted into a vein on the dorsum of the foot which is 

connected to a transducer.  The transducer is used to measure the venous pressure.  The 

initial measurement is taken while the patient is relaxed.  Then, the patient is requested to 

perform a heel raise exercise ten times at the rate of one per second.  In a competent vein 

the pressure falls rapidly from the baseline measurement to less than 30mmHg and the 

refill time to the vein from the capillary is typically more than 20 seconds.  In the case of 

incompetent veins, reflux will occur and the pressure remains high and the refill time will 

be very short.  There is a strong correlation between AVP and the severity of clinical 

signs.  No ulceration is found when the AVP was less than 30mmHg, whereas, the 

percentage of ulcer occurrence reaches to 100% at the value of the ambulatory venous 

pressure is greater than 90mmHg (Nicolaides, Hussein et al. 1993) 

7.4.3 Non-Invasive Test  
 

The clinical history and physical examination does not always determine the nature and 

extension of chronic venous disease and does not overcome the challenges of differential 

diagnostics.  Many diagnostic tests have been developed to enhanced localise and extent of 

venous obstruction or reflux and correlate it with clinical symptoms.Venography historically 

was used as a gold standard to evaluate chronic venous insufficiency.  However, the 

contraindications and limitations of a venography have driven the investigative tests toward 

non-invasive tests.  Nowadays, a non-invasive procedure is widely used to evaluate a wide 

spectrum of chronic venous pathologies. Non-invasive procedure includes: 

Photoplethysmography, continuous wave Doppler ultrasound, Duplex ultrasound.  
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I. Photopleythysmography (PPG) 

 

PPG is a simple, low cost, invasive procedure that is used to evaluate valvular incompetence 

and measures the change of blood volume in microcirculation. This technique is based on the 

emission of infra-red light to the skin and measuring the received light intensity that is 

reflected from sub dermal venous flow   via a photo detector.  The procedure is performed 

while the patient is sitting on the edge of the bed with the limb to be examined in a relaxed 

non–weight-bearing position. The photo-sensor is fixed a few centimetres from the supra 

medial malleolus using double-sticks tape (Nicolaides, 2000), and the photo-detector is 

connected to a recorder chart.  PPG is initially set at zero when the baseline becomes stable.  

The patient will then be asked to do repeated dorsiflexion to, contract the calf muscle.   The 

dorsiflexion will empty the venous pool in healthy vessels.  When the patient ends the 

exercise and the examined leg relaxed, the legs veins will refill. The refilling time is 

calculated from the moment of the exercise finishes until reaching a stable point that lasts for 

five seconds at the same point.  The refilling time of competent veins should be more than 20 

seconds.  In the case of a refilling time less that 20 seconds, incompetent veins is suggested.  

In order to determine the source of the reflux, whether it is from the superficial or deep veins, 

a tourniquet is applied and inflated to 45mmHg.  The tourniquet is placed initially above the 

knee.  The exercise is then repeated, if the refill time exceeds 20 seconds, that mean, the 

incompetency will be limited in the superficial veins.  If the refill time has changed but does 

not exceed 20 seconds, that means, the incompetence should be in both the superficial and the 

deep systems.  In this case, the tourniquet will be moved to below the knee level. If the refill 

time exceeds 20 seconds that suggest superficial vein incompetence.  If the refill time is less 

than 20 seconds that indicate deep vein insufficiency (Marsha cited in Zwiebel, 2005 P484).  

The PPG has demonstrated a comparable quantitative measuremnt of refill time to AVP study  
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(Abramowitz et al., 1979)   however ,  the PPG lacks of ability to determine the site of 

competence precisly. Duplex Ultrasound was used to test the accuracy of 

Photoplethysmography. It is reported that  the senstivity and specificity were 79% and 70% 

for deep vein reflux diagnostics , whereas, it was found not be accurate to identify the site of 

superficial venous reflux (McMullin and Coleridge Smith, 1992). 

II. Continuous Wave Doppler  

Continuous wave Doppler is a non -invasive, portable, reproducible and quick diagnostic tool 

modality that has been used to detect venous reflux at the SFJ and SPJ since 1970. It uses two 

separate transmitting and receiving crystals to insonate the blood flow along the path of 

ultrasound beam.  The received echoes from the vessels are converted through the received 

crystals to sound waves that are registered and analysed as an audible signal or waveforms. 

The normal venous blood flow is a continuous flow and phasic with respiration.  In order to 

evaluate venous reflux, a high resolution continuous wave transducer is placed over the 

femoral vein at a 45 degree angle to the skin, while the patient is standing with the limb to be 

examined relaxed and free of body Wight. 

   Prolonged audible retrograde flow indicates reflux. By repeating the test after occluding the 

superficial venous system with manual compression or applying a tourniquet it is possible to 

localise the reflux to the deep or superficial systems. However, continuous wave Doppler is 

considered as a qualitative method so follow up cases should be performed by the same 

operator. Other limitations are that, the continuous waves Doppler may give  false-positives  

of anatomical variations (Hobbs, 1986).   There is a debate regarding the accuracy of HHD in 

pre-operatives for primary varicose veins. It is reported that the accuracy of the HHD at the 

site of reflux was significantly less than Duplex Ultrasound. The sensitivity of HHD to 

determine reflux at SFJ, SPJ, Thigh Perforator (TP ) was 73%, 77%, and 51% respectfully, 
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whereas , the specificity was 93%, 94%, and 85%.  (Mercer et al., 1998).  A well trained 

operator using HHD for reflux studies could avoid Duplex for approximately two thirds of 

the patients with a very low percentage failure to detect the reflux. However, a high 

resolution, advanced technology, and inexpensive duplex portable unit has become in 

demand to be used routinely in the vascular clinics (Campbell et al., 2005) 

III. Duplex Ultrasound:  

Duplex ultrasound currently is used as a gold standard on a daily basis to evaluate chronic 

venous insufficiency and recurrent veins disease.  It is a non-invasive, repeatable, portable, 

and reliable diagnostic tool that is not limited to defining the anatomical site of reflux, but is 

also capable of quantifying  the amount of reflux and correlating to clinical symptoms (Welch 

et al., 1996).  It is being used as well as for pre-operation venous mapping of the whole leg 

for varicose veins (Min et al.).  Many studies have approved the effectiveness of duplex 

ultrasonography in accurately the anatomist mapping of venous reflux and obstruction.  

(Galeandro et al., 2012), (Min et al., 2003).  There is a debate among researchers according to 

the requirement of using duplex venous mapping routinely for every chronic venous disease 

case.  Some believe that HHD will be sufficient for diagnostic and treatment management in 

most of the chronic venous insufficiency cases. However, the majority of investigators have 

agreed that in terms of cost-beneficial ratio and diagnostic errors, the Duplex Ultrasound has 

superiority and should be used in every case (Khilnani and Min, 2003) 

 7.5 Duplex Ultrasound Scanning Techniques:  

Before starting the duplex ultrasound procedure, the ultrasound operator should take a full 

patient history and observe any physical signs of venous abnormality, that will help to 

correlate the clinical signs with the Duplex ultrasound findings(Coleridge-Smith et al., 2006). 
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This procedure is performed by using a high resolution linear probe (7-10 MHz) while the 

patient is standing facing towards the ultrasound operator and is bearing weight on the 

contralateral examined leg. The examined leg should be externally rotated and at the same 

time be relaxed to make sure that the examined vein is distended.  Initially, the transducer is 

placed transverse on the groin area particularly at the inguinal ligament.  Keep moving the 

transducer until the operator   identifies the anatomical landmark of the common femoral vein 

and the long saphenous vein which are located medial to the common carotid artery. The 

shape of all the three vessels forms a Micky mouse sign (Figure 7.7), 

 

Figure 7.7: Transverse view of common femoral vein and artery in the right groin: ‘Mickey 
Mouse’ view; CFA, common femoral artery; CFV, common femoral vein; SFJ, saphenous–
femoral junction (from the archive of PCS). 
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Then apply compression by transducer to differentiate the vein from the artery and to assess 

the vein wall compressibility to make sure that the vein is free of thrombosis. The probe is 

then rotated to longitudinal axis to identify the Sapheno-Femoral Junction (SFJ), then colour 

and spectral Doppler apply to assess the veins patency and competency (Figure 7.8).  

         Figure 7.8: Position of patient and probe during duplex ultrasound examination of SFJ. 

Following the LSV on the medial aspect of the thigh in a transverse plane. The anatomical 

landmark of the LSV is the hyperechoic lines of its facial compartment.  This forms what is 

called Egyptian Eye appearance (Figure 7.19), the upper eyelid representing the superficial 

facia of the thigh, and lower eyelid representing the deep facia. 

      Figure 7.9: B-Mode scan displaying Egyptian Eye appearance of LSV 

LSV often run along the medial aspect of the thigh and calf. Keep assess the patency of the 

LSV in transverse plane and the competency in longitudinal plane. On transverse plane, make 

sure if there is tributaries of the saphenous which may run along the same pathway of LSV 
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except that it will not lie on the fascia sheet. The landmark of LSV below the knee is the 

tibio-gastrocnemius angle sign (Usman and Aslam, 2009 page 134).  

After the full examination of LSV, the patient is asked to turn away from the operator’s face 

and Weight bearing on the contralateral examined leg to start scanning the Short Saphenous 

Vein (SSV). The knee should be slightly flexed to prevent venous compression due to muscle 

contraction or popliteal artery pressure. The transducer is placed on the posterior aspect of the 

calf particularly at cease area of the posterior knee aspect, then the SSV is identified as a 

shape of eye formed by deep and superficial fasciae.  This is followed upwards to locate the 

sapheno-popliteal junction. The competency, size, and the anatomical relationship to any 

varices if found should be assessed carefully.   

The technique of Duplex ultrasound in the diagnosis of venous disease are used in 

combination with of B-mode, colour Doppler, or pulsed-wave Doppler.  The B-mode gives 

the gray-scale resolution that shows details of wall morphology, luminal vessels, and the 

valve leaflet, in addition to showing  the venous compressibility whether it is fully, partially 

or non-compressed.  Colour Doppler is used to differentiate acute venous obstruction, partial 

obstruction or totally obstructed veins.  It is also used to determine the direction of flow. The 

colour reference bar always appears on the upper right corner of the ultrasound unit.  The 

center of the bar is considered as a baseline when there is no flow and represented in black 

colour. The colour above the baseline represents the flow towards the transducer, whereas, 

the colour below the baseline represents the flow away from the transducer. Progressively 

faster velocities are displayed in brighter shades of red or blue (figure 7.10) 
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                  Figure 7.10: Colour Doppler box displaying direction and progressive velocity  

 

The colour Doppler evaluation of venous insufficiency will be indicated as a change of colour 

after applying distal compression, or applying Valsalva manoeuvre as it shown in (figure 

7.11). 

Figure 7.11: the colour Doppler changes during applying Valsalva manoeuvre indicating to 

insufficiency vein.   
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The spectral analysis of ultrasound signals can identify the presence or absence of blood 

flow. It also determines the direction of flow. The spectral analysis shows the venous reflux 

as a reverse flow in segment veins after applying distal manual compression, Valsalva 

manoeuvre, or deflated tourniquet distally.  By spectral waveform, it is possible to quantify 

the period of venous reflux. A period of reflux exceeding 1.5 seconds is considered a 

pathological condition of common femoral veins, whereas, a period of reflux  exceeding 0.5 

seconds in superficial veins is highly suggestive of valvular incompetency ( figure 7.12 ). 

(van Bemmelen et al., 1989a). 

 

            Figure 7.12: Spectral Waveform analysis determine the quantity of venous reflux 
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The clinical applications of duplex ultrasound has become a first line investigation of lower 

limb venous disease. It has a sensitivity of 90% and 84% specificity in the diagnosis of 

chronic venous insufficiency compared to venography (Masuda and Kistner, 1992) 

 Moreover, it is used in determining anatomical locations, and extensions of venous reflux. It 

is capable of quantifying the venous reflux time. This has led to using this on a routine basis 

for pre-operative mapping of lower limbs.  Duplex ultrasound has become the first line of 

investigation in evaluating venous disease not only because of its reliability to provide  a 

simultaneous anatomical and physiological information, but because of its cost-beneficial 

ratio, reproducibility, portability which makes it very worth full for patient follow ups 

(Magnusson et al., 1995).  More recently, the high technology and accuracy of handheld 

portable ultrasound machines support that ultrasound scanning skills will become mandatory 

for all physicians who are involved ultrasounds, and particularly the physicians who are 

involved in diagnosis and treating  patients with venous insufficiency.  

7.6 Duplex Ultrasound in vascular applications: 
Point of care Ultrasound procedures have been increasing rapidly rapidly in clinical practises.  

In fact, the advanced technology in handheld ultrasound machines with high resolution b-

mode details and combined with high sensitivity of colour Doppler detection has made 

ultrasound training to be one of the prerequisite of the surgeon’s clinical practices.    Duplex 

Ultrasound has become a key diagnostic tool in peripheral vascular diagnosis and 

intervention.  The first attempt of using Doppler Effect in vascular applications was to detect 

the movement of cardiac atrium, valves and ventricles (Satomura, 1957).  In the following 

years many studies have investigated the effect of Doppler signals to study blood flow in 

peripheral deep and superficial vessels (Franklin et al., 1961).  The diagnostic value of 

Doppler Effect has been demonstrated in showing differences of waveform between the 

atherosclerotic arteries and healthy one. In addition to describing venous flow features 
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(Strandness et al, 1967).   The development of directional Doppler velocity meter by McLeod 

(1967) has permitted the quantitative measurements of blood velocity which accelerated 

using Doppler technology as a part of a non-invasive diagnostic tool in vascular clinics since 

the early 1970’s.  It enhanced the use of waveform analysis and parameters such as pulsatility 

index to differentiate between normal and diseased vessels in  quantitative terms (Gosling 

and King, 1974) 

  In the period of the late sixties and the beginning of the seventies, many investigators have 

evaluated duplex ultrasound to detect arterial and venous pathologies and compared its 

accuracy with arteriograms and venograms (Strandness et al., 1967, Kawai et al., 1975).   

In the early 1980’s, the introduction  of real time two dimensional (2D) scanning with 

appropriate frame rate allowed the visualising of continuous motion of the organs (Kendall et 

al., 2007).   Duplex ultrasound machines permitted the imaging of anatomy and measurement 

of blood flow at the same time. In 1985, the development of 2-D flow mapping by combined 

Doppler colour with B-imaging in gray scale was established (Shung, 2011). The blood –flow 

colour mapping has proven to be more effective in diagnostics of vessels pathology than 

gray-scale duplex scanning.  A flow of small vessels and flowing channels of partially 

occluded vessels can be traced more accurately and rapidly.  A review study by Comerota et 

al (1993) has shown that the sensitivity of proximal lower limbs and calf DVT were 

respectively 96% and 80% in symptomatic patients, whereas.   By using colour Doppler 

images, the accuracy has improved  (Comerota et al., 1993).   The accuracy of colour Doppler 

and MR venograms have found to be not statistically significant in detection of deep veins 

thrombosis. Whereas, the extension of thrombosis was detected in MR venography with 95% 

sensitivity and 99% specificity compare to 46% sensitivity and 100% specificity with colour 

duplex ultrasound (Laissy et al., 1996).  In a prospective study, the duplex ultrasound has a 
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sensitivity of 90% and specificity of 84% for diagnostic valves incompetency in comparison 

to descending venography (Masuda and Kistner, 1992) 

In recent years, the development of pocket-sized portable ultrasound machines  combined 

with advanced technology of signal and image processing has revolutionized the ultrasound 

practice in surgery. Consequently, focus of ultrasound performance has become a mandatory 

part of the surgeon-performed ultrasound.  Surgeons are highly motivated to cope with using 

the latest advanced technology to provide optimum patient care in diagnosis and treatment.  

Many non-invasive procedures have been replaced by diagnostic ultrasound modality.  

Currently, diagnostic ultrasound is being used in guide invasive procedure and enhancing 

diagnostics in acute-life threatening cases. It has replaced X-rays in diagnostics of pleural 

effusion.  Hemopericardium is detected by ultrasound instead of peritoneal lavage.  

Ultrasound has been significantly expanded to be used in biopsies.  Ultrasound has become 

an essential part of surgical practice in most of THE surgical divisions including but not 

limited to localization of a central vein or artery for hemodynamic monitoring, guided venous 

central access, detection of abscess or free fluid and pleural effusion, detection for acute and 

deep venous thrombosis, pre-surgical mapping and insufficiency venous studies (Rozycki et 

al., 2001), (Rozycki et al., 2004).   The ultrasound has been incorporated in the surgical 

residency training programs in Germany and Japan. It is mandatory to have adequate skills in 

diagnostic ultrasounds to sit for the board exams in surgery.  Even though ultrasound has not 

become part of the residency program of American surgeons, however, the American 

surgeons have learnt  ultrasound through different programs and organizations (Freitas et al., 

2006) 

The first attempts of developing hands-on courses of ultrasound in several acute situations 

were done by the American college of surgeons.   Following a similar format, the American 

College of Emergency Physicians (ACEP) established the first module of ultrasound in 
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emergency applications.  The ACEP and the society of Academic Emergency Medicine has 

documented the role of ultrasounds in diagnostics for emergency patients. This document was 

opened widely not only for the clinical use of ultrasound but also for  ongoing research and 

education (Kendall et al., 2007).  The diagnostic ultrasound has not yet been reported a harm 

of biological effects on patient or medical practitioners.   In addition to the rapid advances in 

friendly pocket-sized ultrasound units making  them more accessible to  most of the rapid 

bedside assessments (Freitas et al., 2006).  The clinical value of ultrasounds and the potential 

of ultrasounds is highly dependent on the proper training and gaining the required experience 

to  impact positively on patient assessment and treatment pathways.  Focused  

training in ultrasound is different based on their own requirements, a targeted curriculum and 

syllabus should be created to focus on the skills that need to answer the specific clinical 

questions. It is very important that all ultrasound procedures that may apply to the patient are 

performed by medical practitioners who are competent to provide an accurate examination 

and interpretation of ultrasound images.   

7.7 AIMS: 
The medical education has entirely changed from the traditional methods of question-and-

answer teaching to a competency-based system in which the elements of competency 

including; patient care, technical skills, communication skills and practical-based learning.  

The training methods which simulate real patient’s conditions and scenarios have been used 

as a training and assessments tool since the last decade.  The principle of traditional training 

method based on “see one, do one, teach one” has also been abandoned as ineffective due to  

the high cost of operation and time consuming of differences of the learning curve from one 

to one practitioner which could impact negatively on the training process.    The point of 

interest in ultrasound training has increased the potential of ultrasound as diagnostic tools in 

clinical practice where rapid assessment is focused on using ultrasound to enhance the 
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assessment treatment management of the patients in critical situations.  In response to a highl 

demand of surgical residents in training ultrasound to be able to perform venous sufficiency 

scanning with reliable diagnostic accuracy, use of simulation for training surgical 

practitioners has increased significantly in recent years.  Despite use of simulations in 

ultrasound training for surgical residents, there is still no reliable method to assess the 

improvement and effectiveness on the trainees experiences.  A planned course using 

instructions, goals, objectives, assessment has been validated.  The Duplex Ultrasound 

Objective Structured Assessment of Technical Skills (DUOSATS) was developed  in the 

vascular department of Imperial College London.  Our study Aims to expose surgeon 

residents with novice experience in ultrasound to a training program using simulated phantom 

with DOUSATS to measure the effectiveness of training in performing the evaluation of 

venous reflux.  The benefit of using DOUSATS is to breakdown the whole procedure to 

different smaller tasks which make it easier to focus on skills that are required to  improve in 

addition to repeating  same procedure in the future giveing the evaluators a chance to follow 

the progress of specific tasks that needs  to be improved .  

The hypothesis is that: 

“A simulated phantom using DOUSATS to evaluate venous reflux will benefit from a 

structured training session and participants will  improve in their scanning time, quality and 

reduce significantly the measurement errors of reflux time in a safe environment with a 

consideration of cost-effectiveness of the program and create binding ring between a 

laboratory training and safe clinical practice.”   

7.8 Materials  
Our experiment required to create venous reflux model in a close circuits that composed of: 
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7.8.1 Sapheno-Femoral Junction (SFJ) Phantom: 
 Life-size lower limb phantom that contains multilayers representing skin, subcutaneous fat, 

muscle, and bone with complete vasculature. The full description of the leg phantom 

development was illustrated in chapter 5. 

7.8.2  Axiom medical pulsatile flow simulator: 
  Axiom medical pulsatile flow simulator can produces a regulated flow in both the forward 

and reverese direction.  The flow can be simulated by a manual controlling of time and flow  

rates.  Various vascular waveforms can be simulated by a device including but not limited to 

common femoral artery , carotid artery, and venous waveform.  It pushes pulses of blood 

mimicking solution through a simulated saphenous veins that fit within a tissue phantom  The 

venous reflux is created by a special software that enable the evaluator to send different 

reflux time in each time as  it required for the  study  . The signal is sent via a wireless device 

which make it possible to be sent via a personal devices such as a cell phone.  The venous 

reflux can be imaged in B-mode simultaneously with colour and spectral waveform which 

enhance the accuracy of measurments and evaluation of reflux time.   

                                Figure 7.13 : Axiom medical Pulsatile flow simulator 
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7.8.3  Duplex Ultrasound Scanner  
Venous reflux was evaluated and measured with Duplex Ultrasound Scanning units.  The 

machine that was used in this study was a TOSHIBA aplio XG Model SSA-790A( 

Netherlands) 

It has  dvanced technology which makes it user friendly and is used with complete imaging 

modes and display: B-mode with colour, power, THI which improve resolution without 

sacrificing penetration, Aplipure ( outstanding tissue deffrenciation), Advanced dynamic flow 

, Trapezoid scan (extended field of view), Q-scan for instant image optimization.  This 

advanced technology was greatly helpful in accurate measurements, improving resolution, 

and reduces random noise without sacrificing the speed of image aquistion.  

For colour optimising images , the machines settings were the following: 

1. Use high frame rate and colour velocity range adjusted to be in the range of +40 to – 

40cm/s to increase the senstivity of signals detection with respect to avoiding aliasing 

among the scan.  

2. Adjust the colour box width and length in respect to visualize adequate anatomy 

required to maintain a high frame rate as much as possible. 

3. Use a low colour wall filter and avoid un-required use of colour persistence to see true 

flow dynamics 

4. Adjust colour gain and velocity range to detect low flow particularly with small 

vessels where it is difficult to adjust scanning angle. 
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For Spectral waveform , the machine settings were  the followin: 

1. Usa as small as possible a sample volume for spectral reading 

2. Set the velocity range to +50 to -50c 

3. Adjust the doppler angle parallel to the vessel axis as possible as , the angle should be 

less than 60
o
 to the vessel axis. Steering can be used to adjust the angle with  vessel 

axis. 

4. Maintane the doppler gain just below the threshold of noise. 

5. Use a low wall thump filter setting ( 50Hz ) this can be raised to 150-200 Hz to reduce 

wall thump. 

A high frequency linear probe was used for vascular imaging. It produces a high spatial 

and lateral  resolution with adequate penetration to the superficial vessels. These 

characteristics contribute to its suitability for peripheral vascular imaging. Figure 7.14 

shows the close rig flow of experimental setting 

                               Figure 7.14:   Experimental setting  for venous reflux study 
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7.9 Methods: 
 This is a prospective study involving 16  surgical  residents who have theoritical background 

of basic ultrasound principles with no hands on experience in vascular ultrasound have been 

involved in this study.  The study was conducted in the vascular laboratory  in the surgery 

department of Hammersmith Hospital London.  All the surgical residents from Imperial 

College NHS trust were invited to participate in this study.  The surgical residents who had  

hands on experience with vascular ultrasound were excluded as well as volunteers who did 

not complete the full assessment and video-taping throughout the whole program. At any 

stage of the training program if a participant wished to withdraw from the study they were 

allowed to do so regardless of their circumstances.  No ethical approval was obtained from 

the R&D department of Hammersmith Hosptial because there was no need to have actual 

patients for the study at this stage.  The consent to participate in this study was distrubiuted 

either in person or by Email  to every participant.  

The group study received the same training program and subdividing into three periods, 1 

day, 1 week , 1 month.  In every period, the  participants were watching the explanatory 

video how to perform hands on procedures , evaluating  venous reflux, and reporting their 

results. After watching the explanatory video, the participants were allowed a plentiful times 

to familiarize themselves with the machine operations.  The videotaping was conducted by 

the same proffessional Director to be more accurate , and the scoring was done individually 

by independent assessors.  All of the assessors were from different department to eliminate 

the researcher’s bias as none of them will be known by the asseessors , in addition to, the 

videos were viewed in a random sequence in every time and for each assessors.  The result 

were analysed in three stages in respect to the quality of images, quantitative of venous reflux 

time, and length of scanning time as well. The evalaution and scoring was based on 

DUOSATS as a tool for assessing participant’s skill in evaluating venous reflux of the 
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saphenous veins. The Experminal part and Evaluations were done on the first day , after 1 

week , then after 1 month. Figure 7.16 summarises the study design.   

 

 

                                       Figure 7.15 : Study designs of training program.  

 

7.9.1 DUOSATS Scheme 
The Duplex Ultrasound Objective Structured Assessment of Technical Skills ( DUOSATS 

)was developed by two experts who   work on a daily basis in the vascular surgery and 

vascular lab and the  organized the training programs and conferences on ultrasound vascular 

application. The modified DUOSATS using operative-specific checklist for formative and 

summative assessment to assess duplex venous reflux measurements.  The checklist consisted 

of 8 steps that were  were reconstructed to reflect progression of task performance from the 

Study group 

• Invitation were distributed to surgery residents  among imperial 
college NHS trust 

• 16  surgical residents had completed the training program  

Experimental  
part 

• An explanatory video was watched by all participants  
• Participants performed  scanning on a model and procedure was 

recorded  
• Participants explained thier procedure and recorded the venous 

reflux time and gave thier reports 

Evaluation of 
videos  

• The videos were evaluated individually by two experts  
• Reflux time , quality , scanning time were marked using The V-

DUOSATS tool  
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basic skills gradually to the more complex educational objectives. The mark scheme was 

distributed  

proportionatelly according to challenge of educational objectives (figure 7.16). 

 

                                       Figure 7.16 : DUOSATS sheet with Marking scheme 

V-DUOSAT  MARKING 
1 2 3 4 

Patient 
positioning  

Doesn’t 
position 
appropriately 

Positions 
patient 
appropriately 
with 
prompting 

 Positions patient appropriately 
(standing or sitting on edge of 
couch), with examined leg 
externally rotated and in front, 
resting weight on contra-lateral 
leg with no prompting 

Transducer 
selection 

Incorrect 
transducer 

Correct 
transducer 
with 
prompting  

Correct 
transducer 
without 
prompting 

Correct transducer without 
prompting with optimum 
frequency and image pre-set 
selected 

Ultrasound 
coupling gel 
usage 

None/ too much Correct 
amount 

  

 Image 
optimisation in 

B mode 

No attempt 
made 

Attempt 
made at B 
mode 
imaging 

 Appropriate depth of field, TGC 
and focus setting 
Appropriate gain control? 

Acquistion of 
SFJ image  

No attempt Partial image 
of LSV or 
CFV 

 Good longitudinal image of LSV 
entering CFV. Measurement of 
LSV diameter taken. 

 Evaluation of 
reflux in colour 

No Yes  Good colour, filling with no 
colour bleed. Appropriate 
velocity range selected. 
 

 Reflux time 
assessment 

using spectral 
Doppler 

 Appropriate 
gate position 
and size. 

Appropriate 
gate position 
and size. 
Appropriate 
velocity range, 
baseline and 
inversion 
settings. 

Appropriate gate position and 
size. Appropriate velocity range, 
baseline and inversion settings. 
No aliasing seen 

Reporting Poor legibility, 
comments not 
relevant 

Legible, 
comments 
not relevant 

Legible report 
with 
appropriate 
comments on 
junctional 
incompetence 

Legible report with appropriate 
comments on junctional 
incompetence, reflux time, LSV 
diameter and conclusions 
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7.9.2 Venous reflux measurement 
All the participants who volunteered for the venous reflux measurement and training 

assessment were given a theoritical revision of the basics of vascular ultrasound physics.  

Then, all the participats  were introduced to the aims of the   studies  milestones.  A 

standarized instructional video that showed the ideal technique for venous reflux 

measuremnts was played for all the  participants. The video particularlly demonstrateed: 

patient positioning, appropriate transducer and orientation, localization the saphenofemoral 

junction (SFJ ) and Long Saphenous vein (LSV ) , Optimizing B-mode image, Optimising 

colour Doppler image, Assessment of the venous reflux with colour and the specular 

Doppler.  Following  the video , the participants were given a p time to familiarize 

themselves with operation the equipment.  Any technical questions regarding the machines or 

simulator was answered by the trainers.  Following  that, the participants were asked to 

perform a procedure to assess pre-programmed venous reflux.  The sequences of assessment 

during  procedure were starting with choosing appropriate transducer and preset , then , the 

ability to eliminate tha air by applying the correct amount of coupling gel.  Next they had  

identified the LSV and SFJ on the phantom. The participants also had to optimize the B-mode 

image,  Then apply the doppler colour to observe the blood flow and identifiy venous reflux.  

The final step was to use the  spectral Doppler to measure exactly the quantity of venous 

reflux.  The venous reflux was programmed wirelessly via a special software.  The accuracy 

of the  participants was compared to the standared one that was regulated by external 

observers.  The whole procedure was recorded on video clips and kept to be aasessed by two 

independent experts with no indication of participant Identification.  The scanning time and 

reflux time were recorded on the scanning screen.  An global rating was also made and 

scored as  indicated below :  
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                                                Figure 7.17 : Global scoring tabl                                               

                                           

All participants during the video records were avoided to show their faces during their 

scanning to perform the evaluation of the  venous study.  This is done to avoid bias.  Each of 

them were asked to explain the procedure step by step during their scanning and assessment.   

Two external assessors were asked to watch standarized instructional videos before their 

evaluated the participants performances.  They were asked to consider the exact measuremt 

of reflux time and scanning time that was recorded in the scanning screen in addition to their 

performance evaluation.  All the quality of images which were evaluated were  based on the  

DUOSAT scheme scores , global rating scoring, estimated reflux time, and scanning time 

were recorded in a separate assessment sheets for every participant. The sheets were collected 

and impelemented in excell sheet then later on were transferred to SPSS for statistical 

analysis.   

7.10. Result and Statistical Analysis  
A study was performed to examine the effects of practicing duplex ultrasound by using an 

objective structured assessment of technical skills (DUOSATS) for venous reflux detection. 

The study consisted of 16 trainees who were measured after 1 day, 1 week and 1 month of 

training. The objectives of the study included examining the change in parameters over the 

time, and also the agreement between the overall assessment of skills  and DUOSATS score. 

Score status 

1 Clear fail 

2 Borderline fail 

3 Borderline pass 

4 Clearly pass 
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7.10.1 Statistical Methods 
A key measure of interest were the DUOSAT scores. These were calculated as a total (DU-

OSAT score) and as the mean value of the nine individual components (Overall rating). And 

then compare it with a Global rating. 

The first analyses examined the differences in measured parameters between the three 

timepoints. All outcomes were measured on a continuous scale, and all measures were found 

to be approximately normally distributed. Three different sets of analyses were performed to 

assess changes in values. A first set of analyses assessed the overall difference between the 

three timepoints. This analysis was performed using two-way ANOVA (analysis of variance). 

The two factors in the analysis were the participant and the timepoint. The difference 

between participants was not of interested, but it was necessary to include this term to allow 

for the fact that at each timepoint there were measurements from the same participants. A 

second set of analyses compared the changes in values between each pair of timepoints 

separately. The paired t-test was used for these analyses.  All of the previously described 

analyses were performed separately for the two observers.  

A second set of analyses examined the agreement between the two observers for each of 

parameters.  The strength of the agreement between observers was assessed by the intra-class 

correlation (ICC). This method divides the variation in values into two sources, the 

differences between participants in the study and the differences between observers for each 

participant (known as the within-participant variation). The ICC is the proportion of the total 

variation (calculated as between participant variation plus within participant variation) that is 

between participants. If there is excellent agreement between observers, the within-

participant variation will be very small, and thus the ICC value will close to 1. If the variation 

between observers is as large as the variation between participants, the ICC value will be 0.5. 
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Thus a value of 0.5 would suggest poor agreement between observers.  The analysis was 

performed including all timepoints in a single analysis. 

The final set of analyses examined the relationship between the overall and DUOSAT scores. 

Firstly the difference in 'average' value between the two methods was examined, with the 

analysis performed using the paired t-test. Again, the data from all timepoints was included in 

a single analysis, and a separate analysis was performed for each observer. Secondly the 

strength of agreement between the overall and DUOSAT scores was assessed using the intra-

class correlation. In addition to examines the associations between the four study outcome 

variables 

 

7.11 Results 
 

a) Changes in values over time 

The first analyses examined the differences in measured parameters between the three time 

points.  A summary of the values at each time point for each parameter are given the next 

table. The mean and standard deviation at each time are reported. Also reported is a p-value 

indicating the overall difference in outcome between the three time points.  
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Table 7.3: P-value indicating overall difference in values between the three time points 

The results suggested that the DUOSAT score, overall score, Global score and scanning time 

significantly varied between the three time points. The two score measures showed an 

increase in values over time, whilst there was a reduction in scanning time.  Even though, the 

mains of refluxed time reduced among the time points, however, there was no significant 

difference between the three time points for reflux time measurements.  Subsequent analyses 

examined the change in values between pairs of time points, and these results are given in the 

next table. The figures reported are the mean change in values between each pair of times, 

Outcome Observer 1 day 

Mean (SD) 

1 week 

Mean (SD) 

1 month 

Mean (SD) 

P-value 
(*)

 

DUOSAT score  1 

2  

14 (1.9) 

16 ( 1.5) 

19.5(3) 

20.0(2)  

23( 2) 

22(1.5) 

<0.001 

<0.001 

 

Overall  score 1 2.1 (0.3) 3.0 (0.5) 3.4 (0.4) <0.001 

 2 2.5 (0.4) 3.1 (0.5) 3.6 (0.3) <0.001 

      

Global rating  1 2.4 (0.8) 3.2 (0.7) 3.7 (0.5) <0.001 

 2 2.4 (0.7) 3.1 (0.7) 3.7 (0.5) <0.001 

      

Scanning time 1 15.6 (2.4) 12.8 (2.1) 8.8 (1.5) <0.001 

 2 15.6 (2.4) 12.7 (2.0) 8.8 (1.5) <0.001 

      

Reflux time 1 2.8 (1.1) 2.7 (0.6) 2.6 (0.3) 0.51 

 2 2.8 (1.1) 2.7 (0.6) 2.6 (0.3) 0.51 
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along with a corresponding confidence interval. P-values indicating the significance of the 

results are also reported. 

Table 7.4: P-value indicating the mean change in values between each pair of times, along 

with a corresponding confidence interval. 

The results suggested a significant difference in DUOSAT score between each pair of time 

points. For observer 1 the values of Overall DUOSAT score increased by an average of 0.9 

units between 1 day and 1 week, and then increased by a further 0.4 units between 1 week 

and 1 month. There were similar increases over time, and significant differences between 

time points for the Global rate score. The scanning time significantly reduced between 1 day 

and 1 week, and then significantly reduced again from 1 week to 1 month for both observers. 

Outcome Observ. 1 day to 1 week 1 week to 1 month 1 day to 1 month 

  Mean  

(95% CI) 

P-value Mean  

(95% CI) 

P-value Mean  

(95% CI) 

P-value 

DUOSAT 

Score 

1 

2 

5.5 (2.0,9.0) 

4.0 ( 2.0,6.0)           

 <0.001  

<0.001 

3.5 (3,10) 

2.0 ( 2-6) 

  0.003 

  0.003 

2 (2,6) 

2.0 ( 3,7)  

<0.001 

<0.001 

Overall  1 0.9 (0.5, 1.2) <0.001 0.4 (0.2, 0.7) 0.003 1.3 (1.0, 1.6) <0.001 

score 2 0.6 (0.3, 0.9) <0.001 0.5 (0.3, 0.8) <0.001 1.1 (0.9, 1.4) <0.001 

        

Overall  1 0.8 (0.3, 1.3) 0.003 0.5 (0.0, 1.0) 0.04 1.3 (0.8, 1.8) <0.001 

score 2 0.6 (0.2, 1.1) 0.003 0.6 (0.2, 1.1) 0.01 1.3 (0.8, 1.7) <0.001 

        

Scanning  1 -2.9 (-4.2, 1.5) <0.001 -3.9 (-5.3, -2.6) <0.001 -6.8 (-8.6, -5.0) <0.001 

time 2 -2.9 (-4.3, 1.6) <0.001 -3.9 (-5.1, 2.6) <0.001 -6.8 (-8.6, -5.0) <0.001 

        

Reflux 1 -0.1 (-0.40.2) 0.60 -0.1 (-0.3,0.1) 0.25 -0.2 (-0.6,0.3) 0.39 

time 2 -0.1 (0.4,0.2) 0.60 -0.1 (0.3,0.1) 0.25 -0.2 (-0.6,0.3) 0.39 
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For both overseers the reduction was 2.9 units from 1 day to 1 week and then a further 

reduction of 3.9 units from 1 week to 1 month 

There was no difference in reflux time between any pair of time points. 

b) Agreement between observers 

A second set of analyses examined the agreement between the two observers for each of 

Parameters. An analysis was performed including all time points in a single analysis. 

A summary of the intra-class correlation (ICC) values is given in the next table, presented 

along with corresponding confidence intervals. 

 

Variable ICC (95% CI) 

DUOSAT score  0.88 ( 0.80,0.96) 

 Overall DUOSAT score 0.85 (0.73, 0.96) 

Global  score 0.80 (0.67, 0.94) 

Scanning time 0.997 (0.995, 0.999) 

Reflux time 1.00 (*) 

  

  Table 7.5: ICC values shows the agreement between two observers 

 

The results suggested ICC values of between 0.88-0.80 for both the DUOSAT score, Overall 

and Global rating scores. These are particularly high values, suggesting that the agreement 

between observers for both measures is good. 

There was a very high agreement between observers for scanning time, and perfect agreement 

between observers for reflux time. 

C) Agreement between Global assessment and Overall DUOSAT score 

The last set of analyse examined the relationship between the overall and DUOSAT scores.  
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Initially a difference in 'average' value between the two methods was examined, with the 

results presented in the next table. For each observer the mean and standard deviation score 

for each method is presented. Additionally the mean difference, and confidence interval for 

this difference, between methods is also presented. 

 

          Table 7.6:  Difference between methods calculated as Global score minus DUOSAT 

score (main overall score) 

The analyses suggested no significant difference between methods for observer 1 and 2. 

However the first observer assigned higher overall scores that DUOSAT scores, although the 

mean difference between methods was only 0.2 units. There was no average difference in 

scores for the two methods for the second observer. 

Whilst the average difference between the scores is of interest, the strength of agreement 

between scores is perhaps of higher importance. A summary of the ICC values, measuring the 

strength of agreement between methods is summarised in the next table. 

 

 

 

 

Observer Global rating 

Mean (SD) 

 Overall DUOSAT 

Mean (SD) 

Difference (*) 

Mean (95% CI) 

P-value 

     

1 3.1 (0.8) 2.9 (0.7) 0.2 (0.1, 0.4)   0.009 

2 3.1 (0.8) 3.0 (0.6) 0.0 (-0.1, 0.2) 0.74 
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Observer ICC (95% CI) 

  

1 0.79 (0.64, 0.93) 

2 0.85 (0.71, 0.96) 

  

Table 7.7: The results suggested ICC values between 0.79 and 0.85 for the two observers.  

 

These are relatively reasonable values, suggesting that there is a good agreement between the 

two methods for each observer. The size of agreement is similar to the size of the agreement 

between observers for the two methods 

D) Association between the four study outcome variables 

All outcomes were considered to be continuous variables. The strength of association 

between each pair of outcomes was examined using Pearson correlation. This method 

measures the strength of the association between two variables on a scale between -1 and +1. 

A correlation coefficient of near to -1 implies a strong negative relationship (as one measure 

increases, the other decreases), a correlation coefficient near to 0 implies little evidence of a 

relationship between the two measures, whilst a correlation coefficient near to +1 implies a 

strong positive relationship (as one measure increases, the other also increases). 

Separate analyses were performed at each of the three time points and for each of the two 

observers. 

The analyses examined the association between each pair of outcome variables, and the 

results are summarised in the next table. The figures reported are the correlation coefficients, 

along with corresponding p-values indicating the significance of the results.   
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Timepoint Variable 1 Varible 2 Observer 1 Observer 2 

   Coeff. P-value Coeff. P-value 

       

1 day Overall  DUOSAT Global score 0.11 0.68 0.34 0.19 

 Overall  DUOSAT Scan time 0.38 0.14 -0.15 0.58 

 Overall  DUOSAT             Reflux time 0.01 0.98 0.22 0.40 

 Global score Scan time -0.13 0.63 -0.01 0.96 

 Global score Reflux time -0.26 0.34 0.08 0.77 

 Scan time Reflux time -0.14 0.62 -0.14 0.62 

       

1 week Overall  DUOSAT Global score 0.88 <0.001 0.78 <0.001 

 Overall  DUOSAT Scan time -0.70 0.008 -0.65   0.007 

 Overall  DUOSAT Reflux time -0.05 0.84 0.21 0.45 

 Global score Scan time -0.26 0.34 -0.48 0.06 

 Global score Reflux time -0.18 0.49 0.02 0.96 

 Scan time Reflux time -0.23 0.39 -0.20 0.46 

       

1 month Overall  DUOSAT Global score 0.57 0.02 0.78 <0.001 

 Overall  DUOSAT Scan time -0.65 0.07 -0.60 0.009 

 Overall  DUOSAT Reflux time 0.23 0.39 0.22 0.42 

 Global score Scan time 0.20 0.47 -0.37 0.15 

 Global score Reflux time -0.04 0.87 0.22 0.42 

 Scan time Reflux time -0.01 0.96 -0.08 0.75 

       

                            Table 7.8: Association between each pairs of outcome variables 

The results suggested that at both 1 week and 1 month there were significant associations 

between the Overall DUOSAT score and Global score for both observers. The positive 

correlation coefficients suggested a positive relationship between the two outcomes. There 

was no significant association between these two variables at the 1 day time point. 

Additionally there was a significant negative association between DUOSAT score and scan 

time at 1 week 1 month for both observers. The negative correlation suggested that a higher 

DUOSAT score was associated with a lesser scan time. This association was not observed by 

observers   at one day time- point.  No significant associations between the other variables 

were noted. 

 

 

 



221 
 

 

E) - Correlation between DUOSAT score and Global rating score among time points: 
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7.12 Discussion: 
 

The need for Acquistion of technical skills in Duplex ultrasound has motivated expansion of 

focused ultrasound training program. In clinical practice rapid assessment can strongly 

influence the intervention and management of patients.   As a result of increasing demand, 

the radiology department often does not have spare capacity or resources to cope with service 

required and cost of ultrasound training programmes in a wide range of medical disciplines.  

Vascular surgeons with no previous experience of ultrasound scanning have growing interest 

in acquiring the skills of vascular duplex assessment.  Acquiring the technical skills in 

medical ultrasound is challenging for both trainee and learner.  A varieties of individual 

learning style and assessment methods exist.  Each trainee progression is required to 

document their skills in order to progress.  Traditional of ultrasound training was  based on a  

“see one, do one, and teach one” is method , which subject to personal variability amongst  

both  trainers and trainees (Gordon et al., 2006).  There is a lack of consistency in many 

clinical circumstances particularly with rare pathological conditions. The other drawback of 

such a method is limitations due to patient safety concerns. The simulation-based training 

program overcomes this, it is risk-free, controlled and comfortable environment to practical 

technical skills with no fears of malpractice plenty.  Although many studies have validated 

the competency level of surgeons to diagnose a large spectrum of vascular pathology, 

however, there is a lack of content validity in respect to the assessment tools of the technical 

ability of the operator performing ultrasound procedures.    In our study, a novel methodology 

as assessment and diagnostic guide tool was used based on simulation. A constructed 

ultrasound training program targeted the trainee surgeons with novice experience with 

Duplex ultrasound to perform and assess the venous reflux by duplex ultrasound accurately 
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and cost-effectively.  The target was to measure the competency of trainee surgeons depends 

on evidence-based principles.  There were four output variables measured at a different time 

points to approve their improvement and reliability to assess venous reflux by duplex 

ultrasound: DUOSAT score, Overall Duosat score, Global rating, scanning time, and reflux 

time measurement. DUOSAT sheet is used to divide the whole procedure to a checklist of 

tasks that has to be followed step by step to facilitate the procedure and make it more 

organized sequences to the novice trainers.  On the other hand, it helps the trainee to point out 

the most difficult task that requires more focus to gain acquired skills. Therefore, the 

checklists were set to reflect progression through the basic concept to the more complicated 

one.  More complicated task where given greater marks to distribute the weighting evenly 

according to the complexity of the task.  As the DUOSAT sheet was recently validated and 

there was not much information available based on its use, therefore, the global overall rating 

was used to confirm the validity and reliability of DUOSAT as an assessment tool and 

diagnostic guide to detect the venous reflux. Since the time required to perform the procedure 

is very critical in a rapid assessment unit such as a surgical unit, a study was included in the 

investigation to see whether DUOSAT potentially reduced the scanning time.  The last output 

variable that was included was the ability of trainees to measure venous reflux time based on 

the spectral waveform.  The evaluation of trainee’s progression were assessed by two experts 

in the field of diagnostic ultrasounds. The first evaluator was a senior vascular surgeon who 

used ultrasound as a rapid assessment tool in the vascular unit and had never using DUOSAT 

sheet before. The second evaluator was a vascular scientist who was working on a daily basis 

in the vascular ultrasound applications, in addition, he was involved in the first study used to 

validate DUOSAT sheet as an assessment tool for duplex ultrasound applications.  The 

studies result showed that among the time points, there was a significant improvement for all 

trainees in respect to the technical skills, quality of images and time consuming.  The changes 
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of output variables during the training program have shown that, the technical skills were 

improved more significantly in one day to one week period compared to one-week-to- one 

month period. Whereas, the reduction of scanning time was more significant in the period of 

one week-to-one month. It was concluded that, the most gain of technical skills occurred 

within one week of training programs, whereas the reduction in scanning time required more 

practice.  The DUOSAT mark scheme and overall rating have shown a good interobserver 

reliability between two assessors (ICC 0.85, 95%CI), however, the reliability would have 

more confidence if the number of expert assessors was increased to four with different 

backgrounds. In contrast, the inter-observer reliability in respect to the scanning time was 

very high because it was recorded on screen of the scanning machine.  Surprisingly, for the 

reflux time there was no significant changes through the different time points, and showed a 

perfect interobserver reliability. The most probable reason behind it may be   the waveform of 

venous reflux was preprogramed which makes the measurement differences among the 

trainees or between assessors not significantly different. Pearson correlation has shown a 

strong correlation between DUOSATS scores and scores from the overall assessment in time 

points from one week and one month of the training program. Both of them have significantly 

reduced times required to confidently perform the duplex scanning.  Whereas, according to 

the Royal College of Radiologists in the UK, a minimum of hands on training twice a week 

over a period of between 3-to-6 months is required under direct supervision with completion 

at least 100 examinations during the training program to permit a trainer to perform 

ultrasound scanning independently (UK, 2012) .  Our results conclude that, within one month 

of objective structured program using DUOSATS, the surgical residents could perform 

duplex ultrasound to confidentially detect lower limb venous reflux with reasonable scanning 

time.  In conclusion, constructed objective training programs based on DOUSATS scores has 

been shown to be a reliable method to be used as an assessment tool and a guide diagnostic 
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tool as well as detecting venous reflux by duplex ultrasound. However, our study is limited 

by low response rates and difficulties to exclude bias due to no methods being applied to 

guarantee no previous experience of using ultrasound as part of their training curriculum.     

 

7.13Conclusion: 
 

As a consequence of a growing demand of using medical ultrasound in general surgical 

applications, it would be  useful to assess the reliability of surgical residents to perform  

ultrasound procedures confidently and independintly.  The novel methodolgy of using 

DUOSATS to assess and  gain required technical skills to detect venous reflux by duplex 

ultrasound.  Interobserver reliability amongst evaluators was high. The domains of 

DUOSATS has shown a significant improvement in : Acquisition of B-mode image, 

evaluation of reflux in colour and in a spectular waveforms.  This  suggested adds to the 

DUOSAT sheet a specific targeted  time to perform each particular task after becoming  

familiar with a procedure  to help the trainees to mannage the time as most likely they will 

use ultrasound as a rapid assessment diagnostic tool.  The other contribution that could 

enhance the benefit of using DOUSAT in training programs is to use it in multiple venous 

reflux locations rather than a segmental locationto enhance  the gap between simulation and 

real patients scanning.  A larger  sample with inreasing the number of  assessors is 

recommunded to increase the power of statistical differences to generalized our result.  
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                                                  Chapter 8

8.1 Discussion and Conclusion  
 

Vascular phantoms provide a research and educational tool for investigating blood flow under 

normal physiological conditions. They can also enhance our understanding of flow 

distribution under pathological conditions. The advances of biomedical engineering materials 

has provided a large range of sophisticated phantoms mimicking human body features.  A 

large scope of medical phantom designs have been proposed to be used in different medical 

applications.  The medical phantoms could be static, or moveable in response to 

programming, or interactive change in response to the actions taken by the trainee (Meller, 

1997).  The vascular phantoms designed for ultrasound purposes requires using a material 

that has similar physical and acoustic characteristics of human body. In addition, for a 

biological fluid that mimics the real features of human blood.   

 Choice of normal physiological blood flow to be implemented in a patient -specific vascular 

replica is complicated due to the wide range of anatomical variations of the vascular tree.  In 

addition to the complexity of haemodynamic factors that drives the blood flow in the vessels.  

The main driving force of blood flow is the interaction between the gradient pressure and the 

peripheral resistance of vessel to the flow. Therefore, implementation of physiological 

pressure and adjusting the peripheral resistance is the first step to achieving the realistic blood 

flow under normal physiology conditions.  Our experiments aimed to develop a realistic 

vascular phantom with a simulator system for controlled investigations of various vascular 

studies for research and educational objectives. In the first experiment, a physical phantom of 

the major cerebral arteries (Elastrat, Geneva, Switzerland) based on patient data obtained by 
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3D rotational angiography was used. Our objectives were to implement our physics’ 

knowledge and effect of haemodynamic changes from theoretical frame to the level of 

laboratory experimental work.   A realistic flow rate of cerebral arteries has been achieved by 

implementing a physiological inlet pressure and matching the peripheral resistance of 

cerebral arteries.  Moreover, a theoretical prediction of flow rates of main cerebral arteries in 

open replica, and the effects of occlusion of the efferent arteries on cerebral blood flow were 

consistent with predictions by Alastruey et al, (2007).  In our literature review, many studies 

have involved Circle of Willis phantom to investigate the correlation of volume flow of 

cerebral arteries and microembolic particles.  Chung et al has reported that, the trajectory of 

microembolic mainly terminates at the MCA in large sized particles   of 1000 microns and 

500 micro. The particles of 200 microns were distributed according to the flow volume 

(Chung, Hague et al. 2010).  In computational modelling of the cerebral arterial network 

Fabrri et al found that particles that released from ICAs terminated flow in MCA’s, the 

percentage of particles that entered to the MCA range from 79% to 81% of all released 

particles  (Fabbri, Long et al. 2014). Many epidemiological and autopsy studies have stated 

that, Emboli originated from CCA are more likely to  terminate flow in MCA (Svensson, 

Robinson et al. 1986, Bogousslavsky and Regli 1990, Masuda, Yutani et al. 1994).  In a TCD 

study for the presence of microembolic signals in cerebral arteries, it is reported that, 689 

MES out of 979 were detected in MCA compared to 290 detected in ACA (Wijman, Babikian 

et al. 2000).  Emboli arising from the heart or carotid arteries (the main cause of most 

strokes) can be detected by a Doppler ultrasound. Doppler ultrasound is a non-invasive, 

bedside, and repetitive method of detecting embolic particles. Clinically, Doppler ultrasound 

monitoring of embolus is inadequately used in acute stroke settings due to the long period of 

monitoring required.   Another factor is the intra-observer and inter-observer variability and 

also the low rate of emboli beyond 24 hours after symptoms onset. Modern Doppler 
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ultrasound units with advanced technology have automated detection software with high 

sensitivity to detect embolic signals, which provides a fantastic opportunity to monitor 

emboli in patients with symptoms of a recent stroke. Many previous Doppler studies on 

embolus reported that microembolic signals detected in acute stroke patients are reliable 

markers for short-term risk for stroke patients.  One of the limitations of using Doppler 

embolus detection in acute stroke setting is the failure to distinguish the active source of 

embolization. No diagnostic tool can precisely identify the source of embolization. It is 

currently determined based on patient history, physical examination and medical imaging 

results, which can give unclear diagnostic information in patients with extensive disease sites.  

Therefore, a reliable method of identifying the active source of embolisation will positively 

affect the medical management of cerebrovascular disease. Theoretically, it is thought that 

the cardiac emboli can be detected bilaterally in MCAs or can be detected in CCA and 

ipsilateral MCA, whereas carotid disease sources will be detected in the MCA ipsilateral to 

the effected carotid artery.  As it has been known that ultrasound transducers of a single 

crystal with a frequency of around 2 MHz used for embolus detection in the Meddle Cerebral 

Artery (MCA), but no specific transducer have been validated for embolus detection in 

Common Carotid Artery (CCA) yet. The second experiment aims to create a carotid phantom 

to investigate the sensitivity and specificity of embolus detection of 2 MHz, and 4 MHz PW 

probes in continuous monitoring of the common carotid artery.  The result of this study 

shows validity and high sensitivity of 2MHz and 4MHz pulsed Doppler transducers to detect 

solid embolic particles up to the size of 200µm in a phantom of the common carotid artery. 

Theoretically, solid emboli cannot be detected unless their diameter is of the order of 80-120 

microns (Evans).  Solid Particles of 1000 µm, 500 µm, 200 µm, and 50 µm were used in this 

study.  But due to their small size, images of the 50 µm particles could not be detected. Both 

2 MHz and 4 MHz pulsed Doppler transducer easily detected embolic particles of 1000µm 
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and 500µm diameter with 100% sensitivity. For 200µm particles, the 2 MHz transducer 

showed a detection sensitivity of 94%, compared to 92% by 4 MHz transducer. This finding 

is consistent with theoretical predictions. In a study of two patients with prosthetic heart 

valves (Moehring and Klipper 1994), using 2.5 MHz and 5 MHz CW Doppler probes for 

simultaneously observing the common carotid artery and the internal carotid artery, it was 

reported that, 2.5 MHz probes were able to detect the emboli at a rate of 10-17 times more 

frequently than with a 5MHz probe. .In our study, the 2MHz probe showed higher sensitivity 

to smaller particles. All the embolic signals that were detected appeared as a signal of a 

unidirectional, high-intensity, and of a short-duration, with a characteristic click, chirp and 

moan that can occur at any point in the cardiac cycle.  A limitation of our study is the use of a 

single composition  mimicking the density of thrombus, whereas the gas or fat emboli has not 

been tested, in addition to reflection and refraction effects that are caused by the tissue 

mimicking material, blood mimicking fluid, and vessel wall elastomer.  However, the 

mentioned limitation has not changed our conclusion because of using a physical count of 

particles as a gold standard.  The novel, in vivo, study is required to approve the potential for 

dual embolus monitoring to identify the active source of embolisation. It also could help to 

investigate whether MES positive patients provide a useful tool for diagnosing the possibility 

of a recurrent stroke and if it could be used as a diagnostic tool to priorities patients for 

surgical intervention. 

In the second part of our serial experiments phantom was developed to replicate arterial 

stenosis and venous reflux.  These experiments were designed to evaluate ultrasound as an 

assessment and training tool. Many in vitro flow phantoms have been used for quality 

assurance and calibration of ultrasound machines and to aid in diagnostics of vascular disease 

(Shortland and Cochrane 1989, Sakano, Kamishima et al. 2015). Recently a phantom 

composed of tissue mimicking materials has been developed to investigate blood flow in 
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cardiovascular systems, particularly, in replicating carotid arteries (Browne, Ramnarine et al. 

2003).  Such phantoms are characterized by using individual components that have a similar 

mechanical and acoustics properties to soft tissue. It is incorporated with a blood-mimicking 

fluid which pumped through a tube made of different materials have the same speed of sound 

and attenuation coefficient as the blood vessel.  

 Although sample phantoms have been represented in the literature but, a life-size leg 

phantom with complete vasculature has not been previously developed.  This present study 

describes the development of life size phantom using biomaterial that are biologically 

compatible with human tissue and can be imaged with ultrasound like a natural tissue.  The 

vascular wall was made from C-flex (Cole-Palmer) which was considered as one of the most 

suitable tubing materials in term of physical and acoustic characteristics.  However, it 

produces a distortion of the Doppler signals dues to its high attenuation coefficient (Teirlinck, 

Bezemer et al. 1998) 

 Enclosed blood-mimicking fluid flow initially was used to produce spectral waveforms in 

the phantom to test the chosen material. We used a microprocessor –controlled pump to 

produce continuous and pulsatile flow.  The main goal of a novel life-size multilayer leg was 

to make a transaction of a technical skills quite easier from in-vitro to in-vivo environment.  

Our phantom has shown a high accurate ultrasound image of the skin, subcutaneous fat, and 

muscle and vessels wall. Many previous studies have validated flow patterns using Doppler 

ultrasound and investigated many arterial and venous studies.  However, our in vitro system 

in one hand extended such investigations by combining realistic geometry with realistic leg 

flow waveforms to closely imitate the true flow patterns resulting from lower limb vascular 

pathology.  On the other hand, a novel assessment tool was used to measure evidence-based 

competence of surgeon residents with novice experience in ultrasound to perform the 



232 
 

ultrasound procedures effectively and independently. An evidence based approach to assess 

the technical skills in vascular surgery (Mitchell, Arora et al. 2011). 

The objective structured assessment of technical skills (OSATS) was developed to improve 

the validity and reliability of using an assessment tool to measure the progress of surgeon’s 

technical skills (Martin, Regehr et al. 1997).  The objective structured clinical examination 

(OSCE) has become a standard method of assessment in both undergraduate and postgraduate 

medical students (Zayyan 2011).  A valid, reliable, and practical assessment tool required to 

assess the competence of surgeon residents to perform lower limb arterial and venous 

ultrasound studies.  The DUOSAT sheet developed as a novel assessment tool of ultrasound 

technical skills. DUOSAT sheet is used to divide the whole procedure to a checklist of tasks 

that has to be followed step by step to facilitate the procedure and make it more organized 

sequences to the novice trainers.  On the other hand, it helps the trainee to point out the most 

difficult task that require more focus to gain acquired skills. Therefore, the checklists were set 

to reflect progression through the basic concept to the more complicated ones.  More 

complicated tasks were given greater marks to distribute the weighting evenly according to 

the complexity of the task.  Domains of DUOSAT sheet composed of:  Patient positioning, 

transducer selection, ultrasound coupling gel usage, acquiring images in B-mode, Spectral 

Doppler, and Doppler angle (for arterial study), and assessment of arterial stenosis of PSVR, 

and diameter reduction. Whereas the venous study includes the same first four domains and 

acquisition of SFJ images, evaluation of venous reflux in colour and spectral Doppler. .    The 

DUOSAT was developed by two expert clinicians and trainers in vascular ultrasound who 

work on a daily basis in vascular ultrasound training. The DUOSAT domains cover a wide 

range of required skills to perform ultrasound procedures confidently. In previous studying, 

the DUOSAT sheet was rated by all participants, and the highest mark was given by the most 

experienced participants which indicates the content validity of DUOSAT domains to cover 
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the essential tasks in duplex arterial stenosis (Jaffer and Aldhebaib,. 2013).  As the DUOSAT 

sheet was recently validated and there was not much information available based on its use, 

therefore, a Global score rating was used to confirm the validity and reliability of DUOSAT 

as an assessment tool and diagnostic guide for lower limb arterial stenosis and venous reflux.  

Both studies of arterial stenosis and venous reflux have shown a significant improvement of 

technical skills of participants. The first week of training showed of higher degree of 

improvement in both studies among the times points of the study. Whereas, the period of one 

week to one month has shown a significant reduction in  scanning time with improvement of 

technical skills for participants. Both the DUOSAT score as a total and as a main value of the 

nine individual components (Overall rating) have shown a higher agreement of both methods 

for each observer which indicates of concurrent validity of DUOSAT sheet as an assessment 

tool. It has also shown a high consistency in measurements among the expert observers which 

indicates the reliability of DUOSAT instrument as an assessment tool.  

In summary, both the DUOSAT score and Global rating have shown a strong agreement in 

measuring the improvement of trainee’s technical skills. However, the DUOSAT sheet has an 

advantage over global rating of content validity and constructed procedure tasks that may 

help the trainee to facilitate his achievements through a constructed systemic pathway.  Our 

study has shown a high inter-rate reliability among expert assessors.  ROC data suggested 

that the DUOSAT score of 21 out of 34 is the highest cut point of sensitivity and specificity 

to measure the significant arterial stenosis. 

8.2 Future Plan 
 Our novel multilayer leg phantom has facilitated some challenges of the real anatomical 

appearance including, skin, subcutaneous fat, muscle, and blood vessels. Further work on the 

phantom is required to include the ultrasound appearance of subcutaneous oedema and 

arterial wall calcifications that are considered a common finding in a wide range of peripheral 
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arterial patients. In addition to using multi-stenosis and reflux veins scenarios to cover a high 

range of peripheral vascular disease scenarios.  The same procedure of training and 

assessment can be used for carotid examination in patients with suspected TIA or stroke due 

to embolus.  

Incorporating ultrasound simulations and multilayer phantom models using core competitive 

sheet has shown a positive potential impact on acquired technical skills to perform vascular 

ultrasound applications.  A standardized training procedure is required in addition to a core 

competitive training to include point of care ultrasound particularly in emergency situations 

and internal medicine.  Therefore, planning to create abdominal phantoms including different 

acoustic impedance representing soft tissue air contents, and bone parallel with validation 

core competence sheet  will be well suited for learning point-of-care ultrasound, particularly 

for emergency medicine and internal medicine. However, the limited window of liver 

scanning due to rib bones, and challenges in diagnostics of emergency cases such as 

appendicitis have to be highly considered in the modelling of abdominal phantoms.  

Moreover, the standardisation of technical skills and measuring evidence-based competency 

may effectively help  hand-eye coordination to facilitate transferring acquired scanning skills 

to the real clinical situations.  However, the actual patient cases under supervision of experts 

is still the core to gaining the required experience in clinical ultrasound diagnosis and 

interpretation.    
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