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2D Doppler ultrasound can be used for continuous monitoring of vasospasm. 

However, the use of Doppler ultrasound suffers from operator dependence requiring a 

skilled ultrasonographer to make Doppler angle corrections. The aim of the research is to 

minimize the need of dedicated ultrasonographers for Doppler ultrasound monitoring of 

cerebral vasospasms. In this thesis, three studies including a steady flow phantom, 

pulsatile flow phantom and in vivo human internal carotid artery (ICA) were completed 

with the use of 3D Doppler ultrasound. The 3D vascular structure of the phantom and 

ICA were obtained using binary skeletonization from 3D power Doppler images. The 

vascular structure was used in combination with angle independent pulsed-wave Doppler 

to reconstruct the temporal blood velocity profiles at various parts of the vasculature. The 

results indicate that Doppler angle corrections can be minimized with the use of 3D 

Doppler ultrasound, and operator independent monitoring of blood flow is possible. 
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Symbols 

 
f     Frequency [Hz]. 
df     Doppler frequency [Hz]. 

λ     Wavelength of sound [m]. 
c     Speed of sound [m/s]. 
t     Time [s]. 
B     Bandwidth [Hz]. 
ω     Angular frequency [rad/s]. 
Q     Volumetric discharge [m3/s]. 
A     Cross-sectional area of vessels [m2]. 
D     Diameter of vessels [m]. 
Re     Reynolds number [1]. 
µ     Dynamic viscosity of fluids [Pa·s]. 
ρ     Density of fluids [kg/m3]. 
 
 

Abbreviations 
 
SAH    Subarachnoid hemorrhage. 
DSA    Digital subtraction angiography. 
CTA    Computed tomographic angiography. 
MRA    Magnetic resonance angiography. 
ICA    Internal carotid artery. 
MCA    Middle cerebral artery. 
TCD    Transcranial Doppler ultrasound 
ACA    Anterior cerebral artery. 
PCA    Posterior cerebral artery. 
ACoA    Anterior communicating artery. 
PRF    Pulse repetition frequency. 
PRP    Pulse repetition period. 
IEC    International Electrotechnical Commission. 
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Chapter 1  Introduction 
	
  

1.1 Cerebral Aneurysms 

Stroke is currently one of the leading cause of death in the United States 

(Macdonald, 2008). In 2007, 135,952 cases of stroke were reported, which accounts for 

5.6% of the total deaths in the country (Xu, 2010). It is a condition when there is rapid 

loss of brain functions due to decrease in oxygen supply. It is usually caused by blocked 

or burst blood vessels. Among all the stroke cases, 15% are related to the rupture of 

intracranial aneurysms, which occurs in approximately 15 out of 100000 people per year 

(Macdonald, 2008). 

Aneurysm refers to a condition when there is a balloon-like bulge in a blood 

vessel. It is caused by weakening of the wall of the blood vessels, i.e. collagen 

deficiency; or ongoing vascular injury, caused by mechanical damage due to 

hypertension or hemodynamic (Awad, 1993). Blood flowing passed the weakened wall 

will create a pressure that pushes the wall outwards, resulting in the balloon-like bulge. It 

usually occurs at the branching points of blood vessels as shown in Figure 1-1. 

Some risk factors for the weakening include female gender, age, cigarette 

smoking (Bonita, 1986; Sacco RL, 1984), use of oral contraceptives (Lindegard, 1987; 

Petitti, 1978), alcohol intoxication (Monte, 1985) and genetics (Awad, 1993). 
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Figure 1-1: Cerebral aneurysms at the branching points of blood vessels. The inset image shows the 

close up of the aneurysm (Darling, 2011). 

Aneurysms can remain stable indefinitely with no treatment (Awad, 1993). 

However, the blood pressure on the vessel wall over a prolonged period will cause the 

aneurysm to grow, resulting in an increasing risk of rupture. Brain aneurysms generally 

take two different shapes as illustrated in Figure 1-2 (Lufkin, 2001). The first type is a 

‘saccular brain aneurysm’ that forms on one side of the blood vessel. The second type is a 

‘fusiform brain aneurysm’ that is an outward bulge expanding in all directions of the 

blood vessel. 

 

Figure 1-2: The two types of cerebral aneurysms (Darling, 2011). 

The rupturing of cerebral aneurysms can lead to subarachnoid hemorrhage (SAH) 

(Figure 1-3) (Awad, 1993). It is a life threatening event with few patients fully recover. 

According to Macdonald, 15 to 20% of patients die before reaching the hospital 

(Macdonald, 2008). Moreover, the overall mortality or morbidity rate of SAH is 
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approximately 50% (Awad, 1993). Patients who arrive at the hospital after SAH will 

receive aneurysmal clipping (Figure 1-4) to stop the bleeding in the artery (Awad, 1993). 

 

Figure 1-3: Subarachnoid hemorrhage (Barrow Neurological Institute, 1993). 

 

Figure 1-4: Aneurysmal clipping (Stroke Center, 2007-2010). 
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1.2 Cerebral Vasospasms 

For those patients who survive the SAH, cerebral vasospasm is a complication 

that can occur afterwards. Vasospasm refers to a condition when blood vessels spasm, 

leading to vasoconstriction. It is likely to occur when any subarachnoid artery is covered 

with a sufficient amount of blood for a long enough period of time (Macdonald, 2006). 

Cerebral vasospasms occur to the intracranial arteries. This will restrict and limit the 

blood flow in order to reduce further bleeding; however, at the same time, the amount of 

blood flow to the brain will also decrease, which will limit the supply of oxygen to the 

brain. Inadequate oxygen supply to the brain may cause permanent brain damage.  

The onset of cerebral vasospasm is usually on day 3 after SAH, peaks on day 7 

and continues until day 14 (Macdonald, 2008; Kassell, 1985). Cerebral vasospasm after 

SAH is one of the most common causes of cerebral ischemia and remains a leading cause 

of mortality and morbidity after SAH. According to Dorsch et. al., almost all patients 

who suffer from SAH will develop cerebral vasospasm (Dorsch, 1994). Moreover, some 

of the patients may develop symptomatic vasospasm, which is a more severe form of 

vasospasm that will cause ischemic problems. As reported in a study, the number of cases 

of symptomatic vasospasm from 297 references is 10445 cases among 32188 patients, 

which is 32.45% (Dorsch, 1994). In addition, approximately 17% of patients will die or 

suffer from permanent morbidity (Macdonald, 2006). However, even with the high 

mortality and morbidity rate, cerebral vasospasm is also the most preventable 

complication after SAH (Macdonald, 2008). As long as cerebral vasospasm is diagnosed 

early, ischemia can be prevented. As a result, continuous monitoring of the blood vessels 

in the brain starting from day 3 until day 14 after SAH is imperative to determine whether 

vasospasm has occurred. 
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1.3 Detection of Vasospasms 

When vasospasms occur, the affected blood vessels constrict. By using digital 

subtraction angiography (DSA), computed tomographic angiography (CTA), or magnetic 

resonance angiography (MRA), the diameter of the blood vessels can be measured. As 

reported by Wintermark et. al., the accuracy, sensitivity and specificity of DSA for 

diagnosing vasospasm are all 100%. It is considered as the ‘gold standard’ for imaging 

blood vessels (Wintermark, 2006). For CTA, the accuracy, sensitivity and specificity was 

91.4%, 75.6% and 95.3% respectively (Wintermark, 2006). And finally for MRA, the 

accuracy, sensitivity and specificity was 96%, 92% and 98% (Grandin, 2000). Despite 

their high accuracies, the main disadvantage of all these three methods is that they require 

transportation of patients to the scanner, thus unsuitable for continuous monitoring of 

patients. 

One other characteristic of vasospasm is that the blood flow velocity inside the 

affected blood vessel increases. The internal carotid artery (ICA) and the middle cerebral 

artery (MCA) are commonly used when determining the signs of vasospasm. Figure 1-5 

shows the location of these two arteries in the skull. The internal carotid arteries extend 

along the neck, whereas the middle cerebral arteries are located inside the temporal bone 

of the skull (Figure 1-6). There are two criteria that are commonly used to determine the 

occurrence of vasospasm. The first criterion is to use the Lindegaard Ratio, which states 

that when the ratio between the time average velocities at the centerline of the MCA and 

ICA is greater than 3.9, it could indicate the presence of vasospasm (Lindegaard, 1989). 

The second criterion is that when the peak velocity at the centerline of the MCA at 

systole is greater than 150 cm/s, the patient could be suffering from vasospasm (Krejza, 

2005). Transcranial Doppler Ultrasound (TCD) can be used as one of the techniques to 

measure the velocity of blood flow. It has a sensitivity of 86% and a specificity of 98% to 

detect MCA vasospasm (Lennihan, 1993). Compared to DSA, CTA and MRA, TCD is 

relatively cheap and does not involve the use of ultrasound contrast agent. It can be 

performed on the bedside and repeated as needed (Sloan, 2004). Also, it can provide real 

time images. This makes it a good choice to be used for monitoring. 
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Figure 1-5: Major arteries in the brain (Thomas Jefferson University Hospital, 2011).	
  

 

Figure 1-6: A diagram labeling the different regions of a human skull (Norman, 1999). 
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1.4 Treatment of cerebral vasospasm 

Accurate diagnosis of vasospasm is crucial because of the need for immediate 

treatment. Treatment for vasospasm involves the ‘triple H’ therapy, i.e., hypervolaemia 

(an increase in the volume of circulating plasma), induced arterial hypertension, and 

haemodilution, with an aim to reverse brain ischemia. However, there are also side 

effects for this treatment. Excess fluid can affect gas exchange, which in turn, decreases 

oxygen supply. Therefore, it is also important to continuously monitor patients during 

this treatment so that patients are overloaded with fluid that is sufficient to overcome the 

vasospasms (Awad, 1987; Sen, 2003; Lee, 2006). 

 

1.5 Doppler Ultrasound Based Monitoring 

TCD was introduced in 1982 by Aaslid and colleagues as a non-invasive 

technique for monitoring blood flow velocity in the cerebral arteries (Aaslid, 1982). The 

typical ultrasound frequency range used in clinical TCD systems is usually from 2MHz to 

2.5MHz (Ivancevich, 2004; Perren, 2004). Imaging of blood flow and vessel structure is 

one of the most important applications of ultrasound (Perren, 2004; Sloan, 2004). Some 

areas of application include the detection of cerebral vasospasm following subarachnoid 

hemorrhage (Aaslid, 1982; Aaslid, 1984; Aaslid, 1986). Due to the advancement in 

technology, 3D ultrasound applications have become more popularized and continue to 

expand. Nowadays, applications are commonly used in cardiology, obstetrics, 

gynecology, cardiology, dermatology, opthamology and vascular imaging (Nelson, 

1998). 

3D ultrasound images can be obtained by acquiring slices of 2D ultrasound 

images (Klotzsch, 2006; Postert, 1997). The 3D image can then be created by placing 

each pixel of the acquired 2D images at the proper location of the 3D image, resulting in 

data in an array of voxels (Nelson, 1998). 
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1.6 2D Image vs. 3D Image 

Traditional 2D Doppler Ultrasound has widely been used to provide Doppler 

images and velocity measurements in the blood vessels. It has been reported by Hoskins 

that it can be used for the diagnosis of diseases like arterial stenosis which is related to 

the change in blood flow velocity (Hoskins, 2010). It has also been reported by Lennihan 

et al. that TCD can be used to detect vasospasm (Lennihan, 1993). One major problem 

for 2D Doppler ultrasound is that it only provides information in 2D, eliminating the 

information in the third dimension (Lennihan, 1993). As a result, when using 2D Doppler 

ultrasound to image the blood vessels, the ‘third dimension component’ of the velocity 

vector outside of the 2D image will be lost. In order to measure the velocity accurately 

using 2D, the ultrasonographer needs to first align the transducer with the blood vessel, 

so that blood flows entirely in the plane that contains the 2D image, eliminating the 

velocity vector of blood flow in the ‘third dimension’ not contained by the 2D plane. In 

addition, the measurements of the Doppler angle between the blood vessel and the 

ultrasound beam is required. This is one reason why there is operator dependency for 

using traditional 2D Doppler ultrasound. 

3D Doppler ultrasound can provide a more complete picture of the blood vessel, 

and can provide information in the ‘third dimension’ that is not shown in 2D images. 

However, a 3D image alone will not completely eliminate operator dependency. Since a 

3D image provides an image in all three dimensions, the transducer does not need to be 

aligned with the blood vessel, but will still require the manual measurement of the 

Doppler angle. In light of that, we are proposing a solution that allows the automatic 

measurement of the Doppler angle and the determination of the blood flow velocity with 

minimal operator dependency in 3D. 

For the past decade or two, there have been studies on using 3D ultrasound for 

both imaging of the brain structure and flow detection. In 2004, Ivancevich et. al. 

performed 3D B-mode scans on a 56 year old, 100 kg male through the temporal 

window. The 3D ultrasound scan was able to identify structures such as the mid cerebral 
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fissure, the atria of the lateral ventricles, the contralateral skull bone, and the corpus 

callosum (Ivancevich, 2004). The scan was able to penetrate to at least a depth of 14 cm. 

B-mode and colour Doppler were also used on a sheep with the aid of contrast agents (10 

mL of 400 mg/mL, levovist, Shering AG) injected into the internal carotid artery, and 

ultrasound scanning was performed through the left temple with the transducer array 

pointing toward the circle of Willis. In the 3D scan of the coronal section of the sheep 

skull, the anterior portions of the lateral ventricles, and the upper and lower mid cerebral 

fissures were identified using B-mode imaging (Ivancevich, 2004). In addition, colour 

Doppler was able to indicate blood flow on the right side of the brain in opposite 

directions through two discrete vessels at 9 cm and 10 cm from the transducer as shown 

in Figure 1-7 below. 

 
Figure 1-7: Transcranial colour Doppler scan showing discrete blood vessels (Ivancevich, 2004) 

It has been shown by Klotzsch et. al. in 2006 that the MCA aneurysms can be 

detected by the use of Colour Doppler (Klotzsch C, 1999); the blood flow inside the 

MCA allows its location to be detected. He also suggested that power Doppler is a good 

choice for 3D reconstruction due to its high sensitivity to low flow near the vessel wall. 

By using 3D colour Doppler, Klotzsch et. al. was able to detect 29 out of 30 intracranial 

aneurysms that were already found by using DSA (Klotzsch C, 1999). 
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Another study done by Perren et. al. used a 2MHz phased array transducer and 3D 

reconstruction software (Perren, 2004). Her studies showed the power Doppler images of 

the anterior cerebral artery (ACA), MCA and posterior cerebral artery (PCA) acquired 

through the temporal bone region. In addition, seven patients with severe subarachnoid 

hemorrhage were imaged with 3D power Doppler through the temporal bone region, five 

of them were diagnosed with anterior communicating artery (ACoA) aneurysms and the 

other two were diagnosed with MCA aneurysms. All of these cases were confirmed with 

the images using DSA. 

In order to image the blood vessels inside the skull, ultrasound transducers can be 

placed on the temporal bone where it is thinner than other areas of the skull. However, 

even though the temporal bone region is thinner, it does not mean that it is always thin 

enough for ultrasound imaging. According to Postert et. al. in 1997, the average 

percentage of patients with inadequate temporal bone window for transcranial ultrasound 

imaging varies between 6% and 20%. Out of the 172 patients in his study, 21 had 

insufficient temporal window, which shows that most people have adequate temporal 

bone window for TCD (Postert, 1997). 

Even though Doppler ultrasound is non-invasive, can provide real time images, 

and is a better method than DSA, CTA and MRA to be used for continuous monitoring, 

problems still exist. The use of Doppler ultrasound is operator dependent and requires a 

skilled ultrasonographer who has received special training and experience to make 

Doppler angle adjustments (Sloan, 2004). Therefore, the use of Doppler ultrasound as a 

tool for continuous monitoring implies that the ultrasonographer will be required on a 

continuous basis to hold the probe on the patients head, make adjustments and to interpret 

the data, which is not practical for continuous monitoring. 
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1.7 Hypothesis 
3D Doppler ultrasound can image cerebral vasculature and provide diagnostic 

information similar to traditional Doppler ultrasound for detecting vasospasm in the 

setting of SAH, with DECREASED operator dependency. 

 

1.8 Purpose of this Research 

There is currently no off-the-shelf technology that allows the continuous 

monitoring of vasospasm. It would be beneficial if Doppler ultrasound can be used 

continuously with minimal need of an operator. Therefore, the aim of this thesis is to 

investigate the improvements to the current Doppler ultrasound technology, in order to 

minimize the continuous need of a trained ultrasonographer. The long-term goal for this 

research is to develop a Doppler ultrasound technology for the automatic detection of the 

Doppler angle. This new technology can be used to detect vasospasm after SAH with 

decreased operator dependency, which will allow the continuous monitoring of 

vasospasm with minimal operator dependency, providing the early diagnosis of the 

disease. This decreases the chance of ischemia, and in turn, decreases the mortality and 

morbidity rate of cerebral vasospasm. The new technology can also be applied to other 

areas where the continuous measurement of blood flow velocity is required. 

 

1.9 Benefits of this Research 

This project will improve the current TCD technology to aid in the diagnosis of 

cerebral vasospasm with decreased operator dependency. This project, if implemented 

successfully, will result in a technique to use TCD to perform continuous monitoring of 

vasospasm with minimal need of an ultrasonographer. Given that patients after SAH 

require continuous monitoring from day 3 to day 14 after SAH, the elimination of the 
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need for an operator will result in substantial financial savings for hospitals. Moreover, 

the ultrasonographers will be free to do other clinical work. The new TCD will allow the 

more efficient usage of human resources.
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Chapter 2  Theory 

	
  

2.1 Doppler Ultrasound 

The Doppler effect describes a phenomenon that there will be a change in the 

frequency of a wave perceived by the observer when the source, observer or both are 

moving relative to the sound wave. This change of frequency is denoted as the Doppler 

frequency df  (Shung, 2006). 

The perceived frequency changes when the source and/or the observer move. The 

reason for the perceived frequency to change is described as follows. Given that a 

stationary sound point source is continuously emitting sound waves in all directions 

radially away from the source with a frequency f  and the speed of sound c , the 

wavelength of the sound waves will be λ , which is related by the equation λfc = . If 

both the source and observer are not moving, the observer will perceive a frequency that 

is the same as the emitting sound frequency from the source. 

Consider that the observer is moving towards the sound source while the sound 

source is stationary, the speed of sound relative to the velocity of the observer, ov  will be 

ovc + . Since the wavelength of the sound wave is unchanged, the perceived frequency 

'f  will be 

f
c
vcvcvf oo +

=
+

==
λλ

'' . 

On the other hand, if the observer is moving away from the sound source, the perceived 

frequency 'f  will be 
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f
c
vcf o−

='  

Now, consider that the sound source is moving at a velocity sv  towards the 

observer while the observer is stationary, the moving source will change the distance 

between the crests and troughs of the wave, thus changing the wavelength. The 

magnitude of the change of wavelength λΔ  depends on the speed of the moving source, 

which is 
f
vs=Δλ . Therefore, the observed wavelength will be 

f
v

f
c s−=Δ−= λλλ ' . 

Therefore, the perceived frequency 'f  will be 

f
vc
c

f
v

f
c
cccf

ss −
=

−
=

Δ−
==

λλλ '
'  

On the other hand, if the sound source is moving away from the observer, the perceived 

frequency 'f  will be 

f
vc
cf

s+
=' . 

As a result, by combining the two equations, the general relationship between the emitted 

frequency and the perceived frequency when both the observer speed and emitter speed 

are taken into account is given by 

 f
vc
vcf
s

o


±

='  (Jewett, 2004). (2-1) 

Doppler flow measurements have widely been used to determine blood flow 

velocities in clinical settings. Ultrasound waves are emitted into the blood vessels by the 

emitting transducer. The back scattering of the red blood cells can be detected by the 
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receiving transducer (Shung, 2006). However, for the Doppler flow measurements in the 

clinical settings, it utilizes the Doppler effect twice. Since the ultrasound probe remains 

stationary during imaging, its velocity is 0; on the other hand, the velocity of the red 

blood cells is denoted as v . When the ultrasound waves are emitted from the emitting 

transducer to the underlying red blood cells, the transducer is considered to be the source, 

and the red blood cells are considered to be the observer. As a result, by using equation  

2-1, the perceived frequency at the observer, i.e., red blood cells 'af  will be 

f
c
vcfa

+
=' . 

At the moment when the ultrasound waves hit the red blood cells, the whole 

situation is reversed. Now, the red blood cells are backscattering the incident ultrasound 

waves, and are considered to be the source, and the transducer is considered to be the 

observer. As a result, by using equation 2-1 again, the perceived frequency 'f  at the 

receiving transducer will be 

f
vc
vcf

c
vc

vc
cf

vc
cf a −

+
=

+
−

=
−

= '' . 

The Doppler frequency df  is equal to the difference between the perceived and 

emitted frequency, the Doppler frequency will be 

f
vc
vf

vc
vc

vc
vcf

vc
vcff

vc
vcfff d −

=⎟
⎠

⎞
⎜
⎝

⎛
−

−
−

−

+
=⎟

⎠

⎞
⎜
⎝

⎛ −
−

+
=−

−

+
=−=

21' . 

As the speed of sound inside the human tissue and blood is approximately 

sm /1540  (Shung, 2006; Hoskins, 2008), and the speed of the red blood cell movement 

in human body is in the order of a few m/s, as a result, vc >> . Therefore, the above 

equation can further be approximated to 

f
c
vfd
2

= . 
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The angle θ  the ultrasound beam makes with the direction of the red blood cell 

velocity is called the Doppler angle (Figure 2-1). The Doppler frequency can then be 

found by multiplying the above equation by θcos . As a result, 

 
c

vff d
θcos2

= . (2-2) 

 

Figure 2-1: Doppler Ultrasound Parameters (Deane, 2002). 

 

2.1.1 Non-Directional Demodulation of Doppler Signals 

The frequency perceived by the receiving transducer depends on the flow 

velocity. Given that the initial frequency of the emitted ultrasound is !!, the flow in the 

tube will tend to shift the frequency of the emitted signal by the Doppler frequency !!, 

shifting the whole spectrum of the original signal relative to the original frequency  !!. As 

a result, the returned echo has a frequency of !! + !!. Suppose the original transmitted 

signal is represented by ! cos 2!!!! , where ! represents the signal amplitude, and !! 
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represents the frequency of the transmitted signal. The returned signal is thus represented 

by ! cos 2! !! + !! ! , where ! represents the signal amplitude, and !! + !!  represents 

the frequency after the Doppler shift. In order to obtain the Doppler frequency !!, the 

combined signal needs to be demodulated so that the useful signals can be obtained. This 

can be done by multiplying the returned signal by the original transmitted signal. 

Therefore, the demodulated signal is 

! cos 2!!!! ! cos 2! !! + !! ! = !" cos 2! 2!! + !! ! + cos 2!!!! . 

As shown in the above equation, the demodulated signal consists of two frequency 

components, i.e.,  2!! + !!  and !!. Therefore, to obtain the Doppler frequency !!, a low 

pass filter can be used to filter out the higher frequency component 2!! + !!. 

 

2.1.2 Directional Demodulation of Doppler Signals 

There are a few methods that can be used to determine the direction of flow. The 

first method is single sideband filtering. Given that the transmitted signal has a frequency 

!!, a high pass filter can be used to filter out frequencies below !!, and a low pass filter 

can be used to filter out the frequencies above !!. If the remaining frequency is above !!, 

it means that the flow is directed towards the direction of the ultrasound beam, vice versa. 

However, one major drawback of this method is that it is difficult to implement filters 

with steep cutoff frequencies at !! (Shung, 2006). 

The second method is the heterodyne demodulation in which an oscillator and a 

heterodyne oscillator are used to generate signals at frequencies !! and !! respectively. 

There are two paths for the generated signals. For the first path, the two signals were 

allowed to mix by multiplying them together. For simplicity, the amplitudes of the two 

signals are assumed to be 1. As a result, the two signals are cos 2!!!!  and cos 2!!!!  

respectively. By multiplying the two signals, the product will be 

0.5 cos 2! !! + !! ! + cos 2! !! − !! ! . 
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By using a low pass filter, the output will be cos 2! !! − !! ! . On the other hand, for 

the second path, the oscillator emits signals to the transducer for imaging. The received 

signals from the transducer will have a Doppler shift of either !! + !! for forward flow, 

or !! − !! for backward flow. By multiplying the signals from paths 1 and 2, the product 

for the forward flow will be 

0.5 cos 2! !! + !! ! + cos 2! 2!! − !! + !! ! . 

By using a low pass filter, the output becomes 

0.5 cos 2! !! + !! ! . 

On the other hand, the product for the backward flow will be 

0.5 cos 2! !! − !! ! + cos 2! 2!! − !! + !! ! . 

By using a low pass filter, the output becomes 

0.5 cos 2! !! − !! ! . 

Once the Doppler frequency is obtained, and the Doppler angle is measured, the 

velocity can be calculated by using equation 2-2. 

 

2.1.3 Pulsed Doppler and its Limitations 

When using Doppler ultrasound for imaging, ultrasound signals backscattered 

coming from different depths may overlap. In order to solve the problem, pulses instead 

of continuous ultrasound waves are emitted from the transducer. These pulses are emitted 

at the PRF, and the time period between successive pulse firings is the pulse repetition 

period (PRP), which is represented by 
PRF

PRP 1
= . Ultrasound pulses are fired at the 

beginning of the PRP from the transducer, and the ultrasound system will then ‘listen to’ 

or ‘wait for’ the returning signals until the end of the PRP before pulses are fired at the 

beginning of the next PRP. Therefore, the limit for the highest Doppler frequency, !!"#, 
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that it can measure is determined by the PRF of the device, which must be at least twice 

as large as the maximal Doppler frequency (Shung, 2006). Therefore, 

 max2 fPRF ≥ . (2-3) 

By combining equation 2-2 and equation 2-3 when the Doppler angle is at zero degrees, 

the velocity of flow will be at the maximum. Therefore, 

c
vfPRF t max4

≥
  

tf
cPRFv

4max
⋅

≤ .
 

Therefore, the maximum velocity of flow that one can measure using Doppler ultrasound 

is a compromise between the transducer frequency and the PRF (Shung, 2006). 

In addition to the above limitation to the measured velocities, there are also 

limitations on the imaging depth. As mentioned above, every time when ultrasound 

pulses are fired, the pulses travel into the imaging object below the transducer, and the 

receiving transducer can detect the returning echoes reflected from below. The deeper the 

depth, the longer it takes for the transmitted beam to reach the imaging depth, and the 

returning echoes to reach back to the receiving transducer. As a result, for an arbitrary 

imaging depth !, the total distance for the emitted ultrasound to reach z  and the returning 

echo back to the transducer is z2 , and thus, the time for such distance is 
c
z2 . Pulsed 

Doppler is designed in a way that all the echoes received during a PRP are considered by 

the ultrasound system to be echoes backscattered from the probe firing at the beginning 

of that same PRP; any echoes that is received during the next PRP is considered to be 

echoes backscattered from the successive probe firing at the beginning of the next PRP. 

For example, if the imaging object is placed at a depth that require the returning echoes to 

take longer than the duration of PRP to reach the receiver transducer, these returning 

echoes will be interpreted as echoes from the successive firing that is backscattered at a 

shallower depth. Therefore, 
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c
zPRP

PRF
max21

>=  

PRF
cz

2max < . 

As a result, the PRF needs to be at least !!!!!"#
!

 and smaller than !
!!!"# 

(Shung, 2006). 

 

2.1.4 Pulsed-Wave Doppler Mode 

When imaging in pulsed-wave Doppler mode, ultrasound pulses are fired at the 

PRF, and back-scattered pulses are received alternately along the same ultrasound beam 

line. In addition, the back-scattered signal from a selectively small segment along the 

beam line, known as the ‘range gate’ or ‘sample volume’ is analyzed, so that Doppler 

shift data can be provided across that region. Once the Doppler shift is obtained, the 

velocity is obtained by using equation 2-2 above. The velocity-time graph is then plotted 

on the image. Figure 2-2 shows an image obtained from using the pulsed-wave Doppler 

mode imaging. 

 
Figure 2-2: A pulsed-wave Doppler image. 
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2.1.5 Power Doppler Mode 

 One way to display flow information within the Doppler signals is to utilize the 

‘power mode’ or ‘energy mode’, which displays the power or energy contained within the 

Doppler signals. It is a method that was popularized by Jonathan Rubin in 1994 (J M 

Rubin, 1994) in which autocorrelation analysis of the Doppler beam information is used 

to produce color flow images. By definition, autocorrelation is the cross correlation of a 

function with itself. According to the Wiener-Khinchine theorem, the autocorrelation 

function ( )τH  of a function ! !  is the Fourier transform of the power spectrum of that 

function. If ( )tf  represents the signals from the backscattered echoes, the autocorrelation 

of this backscattered echoes ( )τH  is 

 ( ) ( ) ( ) ( ) ωωττ ωτdePdttftfH j∫∫
∞

∞−

∞

∞−

=−=  (2-4) 

where t  represents time, τ  represents time shift, ω  represents angular frequency, and 

( )ωP  represents the power spectrum of ( )tf , which represents the power at each angular 

frequency ω  of  the signal ( )tf  (Lathi, 1998). The power of the signal can be calculated 

by setting 0=τ  in equation 2-4 (Shung, 2006). Therefore, 

 ( ) ( ) ωωω dPdtf ∫∫
∞

∞−

∞

∞−

=2 , 

which is the total power contributed by all the spectral components of the power 

spectrum ( )ωP . 
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2.2 Basics of Fluid Mechanics in Blood Flow 

 Fluid mechanics refer to the study of the properties of fluids. Although this thesis 

is not directly related to the study of fluids, fluids is used in the experimental setup. The 

use of the properties of fluids can assist in the verification of results. 

 

2.2.1 Volumetric Discharge Rate 

The volumetric discharge rate is the volume of fluid that passes through a surface 

area in a given period of time. It is represented by the following equation: 

 avgAvQ = , (2-5) 

where !  [!!/!] is the volumetric discharge, !  [!!] is the cross-sectional area of the 

tube, and !!"#  [!/!] is the velocity of the flow on the cross-sectional area (Young, 

2004). 

 

2.2.2 Reynolds Number 

The shape of the velocity profile changes at different situations. This shape 

depends on the Reynolds number, which is a dimensionless parameter named after 

Osborne Reynolds (Donald F. Young, 2004). This number can be used to distinguish the 

shape of the velocity. The Reynolds number can be expressed as follows: 

 
µ
ρvD

=Re , (2-6) 

where v m/s  is the mean velocity of the object relative to the fluid, D m  is the 

diameter of the vessel, µ Pa ∙ s  is the dynamic viscosity of the fluid, and ρ kg/m!  is 

the density of the fluid. 
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In general, the shape of flow can be divided into three types: laminar, transitional 

and turbulent flow. Laminar flow usually occurs at stable and low flow rates. Its fully 

developed velocity profile is parabolic in shape. The maximum velocity occurs at the 

centerline of the tube, and is two times the average velocity of the tube. The maximum 

velocity for laminar flow can be derived as follows: 

For blood flow in a vessel, the velocity is related to the radial distance r , the 

equation of the velocity is given by 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛−=
n

R
rvrv 1max , 

where maxv  is the peak velocity, n  is an index indicating the nature of flow, and R  is the 

radius of the vessel (Shung, 2006). For parabolic flow, 2=n . The average velocity avgv  

can be found by integrating the velocity profile across the cross section of the vessel, and 

dividing the cross sectional area of the vessel, 

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛−= ∫ dr
R
rrv

R
v

R

avg
0

2

max2 121
π

π
 

 2
maxvvavg = . (2-7) 

Transitional flow usually occurs at flow rates slightly higher than that in laminar 

flow. This type of flow has both the characteristics of both laminar and turbulent flow. 

Turbulent flow occurs at flow rates that are higher than that in transitional flow. 

Compared to laminar flow, the velocity profile of laminar flow is flatter in shape. The 

shape of the velocity profile for laminar and turbulent flow is shown in Figure 2-3. 
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Figure 2-3: The left picture shows the shape of the velocity profile of a laminar flow, and the right 

picture shows the shape of the velocity profile of a turbulent flow (Plant engineering magazine, 1984). 

The type of flow is classified according to the Reynolds number. When the Reynold’s 

number is less than or equal to 2300, the flow is laminar; between 2300 to 4000, the flow 

is transitional; and greater than or equal to 4000, the flow is turbulent. 
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Chapter 3  Materials and Methods 

Several steps are involved in developing angle independent Doppler ultrasound. 

Figure 3-1 provides a flow chart of the steps involved. Each of the steps in chart is 

explained in the following sections. 

 

Figure 3-1: Flow chart of the algorithm 

	
  

3.1 3D Image Acquisition 
The first step involves the 3D image acquisition of the vessel geometry. There are 

different ultrasound imaging modes that can be used for the reconstruction. Power 

Doppler was selected for the reconstruction of 3D images. This is because power Doppler 

images provide signals only at the locations where there is flow, which makes it an 

excellent candidate to distinguish between the blood vessel and the surrounding tissue 

when compared to B-mode imaging. In addition, since power Doppler measures the 

strength of the signal that undergoes Doppler shift, and not the magnitude of the shift. 

Therefore, when compared to colour Doppler, power Doppler is less dependent on the 

Doppler angle (Shung, 2006), and does not require angle corrections during 

reconstruction. 

1. 3D Image 
Acquisition 

4. Velocity 
Calculation 

2. Centerline 
Extraction 

3. Doppler 
Angle 

Calculation 
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In order to acquire power Doppler images, the 3D probe 4DC7-3/40 (Ultrasonix, 

Vancouver, British Columbia) was used. The transducer of this probe has a linear curved 

array attached with 128 elements arranged in a line; the frequency of the emitted 

ultrasound waves available for Doppler ultrasound imaging was 2.0MHz, 2.5MHz or 

3.5MHz. 2D ultrasound images can then be acquired. Since the probe has a curved linear 

array, the 2D image obtained is in fan-shaped. Figure 3-2 below shows the outline an 

actual 2D image. 

 
Figure 3-2: Due to the curvature of the transducer of the 3D probe, 2D ultrasound image obtained 

from the probe is in fan-shape. The diagram above shows a 2D image obtained directly from the 3D 

probe  

In addition, the probe has a motor that is attached to the linear curved array. By 

using the software Propello (Ultrasonix, Vancouver, British Columbia), which is a 

software to control and move the motor inside the probe, the motor can rotate the 

transducer in the third dimension around the hinge point as illustrated in Figure 3-3. As a 

result, 2D ultrasound images at different locations can be obtained. A 3D ultrasound 

image can be obtained by combining these 2D images. The shape of the combined image 

is shown in Figure 3-3. Same as the 2D images, the 3D image obtained is also fan-

shaped. According to Figure 3-3, the angle θ  represents the field of view of the 2D 

image, and the angle φ  represents the angle of the sweeping motion of the motor. Since 

the distance between each pixel of the slices of 2D ultrasound images is fixed, and the 
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angle φ  can be set manually, the location of each voxel of the combined 3D image can be 

calculated. 

 

Figure 3-3: Principle of the 4DC7-3/40 probe (Cobbold, 2007). 

MATLAB (The Mathworks Inc., Natick, MA) was used to create the 3D image in 

rectangular coordinates. The process of interpolation is explained using a two 

dimensional case. Figure 3-4 shows an arbitrary schematic diagram of a 2D image. The 

orange dots represent the points where the data of the ultrasound image was obtained. In 

order to convert the ultrasound image into a rectangular array, the data points were 

linearly interpolated by using the MATLAB class TriScatteredInterp. 

 
Figure 3-4: The orange dots are the locations where the Doppler image is saved. For further 

processing, these dots are interpolated into the black dots that are aligned in rectangular grids.	
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3.2 Centerline Extraction 

After the reconstruction and interpolation of the image, the extraction of the 

centerline is required for the reconstructed vessel geometry. This step is necessary 

because as mentioned in chapter 1, the centerline velocity of a blood vessel can be used 

to determine the signs of vasospasm. In order to accomplish this, the software Gorgon 

(Washington University, St. Louis, Missouri) was used. It uses binary skeletonization to 

extract the centerline. 

Skeletonization is a process of thinning objects, so that the resulting objects are 

one pixel/voxel thick, and have the same connectivity as the original objects. Moreover, 

binary skeletonization is a process in which the skeletonization is done on binary objects. 

Binary objects can be obtained by first setting a threshold value of the image. The process 

of skeletonization of this binary image is illustrated for a two dimensional case in Figure 

3-5. Any voxel whose value is below the threshold value is considered to be background. 

The object voxels are separated into either interior or boundary voxels. An interior voxel 

is a voxel where all its adjacent voxels are object voxels; and a boundary voxel is a non-

interior voxel, where at least one of its adjacent voxel is background. The boundary 

voxels can then be converted to background, and the process repeats until only boundary 

voxels remain. The resulting object is its skeleton (Eberly, 2001). 

By using binary skeletonization alone, the extracted centerline from the vessel 

geometry may be rough and noisy. Laplacian smoothing is an algorithm to smooth a 

polygonal mesh (Chen, 2007). It is used in this thesis to smooth the centerline of the 

reconstructed blood vessel geometry. The position of each pixel or voxel is replaced with 

the average position of the neighbouring pixel or voxel (Chen, 2007). Essentially, for 

each pixel or voxel in a mesh, a new position is assigned based on the position of its 

neighbouring vertices. The equation for the assignment is as follows: 

∑
=

=
N

j
ji x

N
x

0

1 , 
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where i  represents the index of the current vertex where a new position has to be 

assigned, j  represents the indexes of the neighbouring vertices, ix  represents the new 

position of the current vertex, jx  represents the positions of the neighbouring vertices, 

and N  represents the number of neighbouring vertices. Laplacian smoothing is chosen 

because it is simple to implement, and computationally efficient. It can produce 

acceptable results to both 2D and 3D meshes (Hansen, 2005). Figure 3-6 shows a 

comparison of two meshes with and without smoothing. 

 

 

 
    (i)           (ii)      (iii)        (iv) 

(i) Set a threshold value of the image that separates between the vessel geometry (represented 

by ‘1’) with the background (represented by ‘·’) 

(ii) The vessel geometry is classified into the interior (represented by ‘2’) or boundary pixels 

(represented by ‘1’). A boundary pixel is adjacent to a ‘background voxel’, and an interior 

pixel is a non-boundary pixel 

(iii) The boundary pixels that are beside the interior pixels are eliminated 

(iv)  The above process repeats until no more boundary voxels can be eliminated 

Figure 3-5: Steps of binary skeletonization (Eberly, 2001). 
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Figure 3-6: Comparison of a line before (left) and after (right) laplacian smoothing. 

 

3.3 Doppler Angle Calculation 

The Doppler angle is not the same at different locations of a vessel. Figure 3-7 

illustrates an example of this. Given two arbitrary points at the centerline ‘a’ and ‘b’, the 

Doppler angles ‘θa’ and ‘θb’ are not the same. Therefore, in order to determine the 

Doppler angles at every location of the centerline, the two vectors ‘u’ and ‘v’ have to be 

calculated for each location as shown in Figure 3-8, so that the Doppler angle at each 

location can be determined. 

 
Figure 3-7: The diagram above shows an example at two different points ‘a’ and ‘b’ of a blood vessel 

that the Doppler angles are not the same. 
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As a result, the steps to determine the Doppler angle are as follows. 

a) The first step is to determine a point of interest at the centerline where the Doppler 

angle is required. 

b) The direction of the ultrasound beam u  can be calculated by finding the difference of 

the coordinates of the hinge point and the point of interest as illustrated in Figure 3-8. 

c) Vector ‘v’ can be found by first considering a cube with the cube center located at the 

point of interest as illustrated in Figure 3-8. Vector ‘v’ can be found by connecting the 

point of interest, and the point on the extracted centerline that is located within the cube 

but the farthest point to the point of interest. 

d) The Doppler angle θ  at the point of interest can be calculated by 

! ∙ ! = ! ! cos!. 

e) Steps a) to d) are repeated for all other points on the centerline.
 

 
Figure 3-8: Illustration of the Doppler angle calculation. 
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3.4 Velocity Calculation 

There are two imaging modes that can be used to obtain the uncorrected velocities 

of the flow inside the tube. They are colour Doppler and pulsed-wave Doppler. Pulsed-

wave Doppler has been selected because of the relatively higher frame rate when 

compared to colour Doppler. With the Doppler angle set to zero degrees, the velocity 

obtained is the uncorrected velocity uv . From equation 2-2, 

( )
c

vff ut
d

0cos2
=  

 c
vff ut

d
2

= .  (3-1) 

The Doppler frequency can be obtained. If we combine the calculated Doppler angle into 

equation 2.2, the velocity obtained is the corrected velocity cv . Therefore, 

( )
c

vff ct
d

θcos2
=  

 
( )θcos2 t

d
c f

cfv =  (3-2) 

By substituting equation 3-1 into equation 3-2, 

( )θcos2
2

t

ut
c f

c
c
vfv =  

 
( )θcos
u

c
vv =  (3-3) 

Therefore, the corrected velocity is the uncorrected velocity divided by the Doppler 

angle. 
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3.5 Phantom Design 

The first step in developing operator independent flow measurements was to use a 

flow phantom. As mentioned by (Hoskins, 2008), the process of ultrasound imaging and 

measurements is complex, especially in diseased tissues. As a result, experimental setups 

called phantoms allow controlled arterial ultrasound images to be collected. The purpose 

of this flow phantom is to aid in the development of the new Doppler ultrasound 

technique. A review of flow phantom design has been reported by Hoskin et al. that the 

design should imitate the environment inside the human body (Hoskins, 2008). In other 

words, both the physical and acoustic properties of the flow phantom should be similar to 

that of the human body. This allows the flow phantom to provide images and 

measurements that are realistic and relevant to that inside the human body. The design of 

the flow phantom in this thesis will follow the guidelines provided by the International 

Electrotechnical Commission (IEC) (International Electrotechnical Commission, 2001). 

IEC is the leading global organization that publishes consensus-based International 

Standards and manages conformity assessment systems for electric and electronic 

products, systems and services, collectively known as electrotechnology. The amount of 

the materials for the flow phantom developed in this study is shown in Table 3-1 below: 

Table 3-1: Amount of different materials used for the flow phantom 

 Amount 

Water 720 mL 

Agar 18 g 

Glycerol 78.12 g 

Graphite 36 g 

 

A blood mimicking fluid (Shelley Medical Imaging Technologies, Toronto, 

Ontario) used in the flow phantom was formulated to meet the requirements for blood 
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mimicking fluid as specified in the IEC specifications. The physical properties of the 

human blood, IEC specifications and blood mimicking fluid are compared in Table 3-2. 

Table 3-2: Comparison of the physical properties between actual blood, IEC specification and the 

proposed blood mimicking fluid 

 Blood IEC Specifications Blood Mimicking 

Fluid 

Acoustic Velocity 

[m/s] 

1583 1570 +/- 30 1548 +/- 5 

Density of Fluid 

[kg/m3] 

1060 1050 +/- 100 1037 +/- 2 

Acoustic 

Attenuation 

[dB/cm/MHz] 

0.17 <0.1 0.05 +/- 0.01 

Viscosity [mPa·s] 3  4.1 +/- 0.1 

Blood flow in the human body is a pulsatile flow initiated by the pumping action 

of the heart. However, in the flow phantom, both steady flow and pulsatile flow were 

used. Steady flow was first used to test the implementation of algorithm. The design of 

the flow system is illustrated in Figure 3-9. The Masterflex Easy Load L/S peristaltic 

pump (Cole-Parmer Instrument Company, Vernon Hills, IL) was used to produce flow 

inside the tubes of the flow phantom. 
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Figure 3-9: Flow phantom design for steady flow. The peristaltic pump at location (1) was used to 

initiate flow inside the tubings. For steady flow, the funnel is placed at location (2). Both the funnel 

and the beaker at locations (2) and (3) respectively are used to absorb the pulses generated from the 

pump at (1), so that the flow passing through the flow phantom from location (2) to (3) changes from 

pulsatile to steady flow. On the other hand, for pulsatile flow, the funnel at location (2) is removed, 

and the tube at location (4) is connected to location (5) directly. 

Two sets of results have been obtained by placing the probe at different locations 

during imaging. The ultrasound probe was placed at two different locations as illustrated 

in Figure 3-10 and Figure 3-11. 

  
Figure 3-10: The above pictures show the two positions that the ultrasound probe was placed when 

acquiring Doppler data of the phantom. The left picture shows the first position while the right 

picture shows the second position. 
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Figure 3-11: Schematic diagram showing the structure of the flow phantom with the two probe 

positions indicated. 

These two locations were chosen because they can show the effect of Doppler angle 

towards velocity measurements. The Doppler angles inside the oval for probe location 1 

are smaller when compared to that of probe location 2 at the centerline inside the oval as 

shown in Figure 3-11. Also, these two probe locations can be good representations of the 

Doppler angles that can be measured in the ICA and MCA. Based on the location of the 

ICA and MCA, the measured Doppler angles for the ICA are greater than that of the 

MCA, which is approximately 60° and approximately 20° respectively.  

 

3.6 In-Vivo Study 

After the use of the flow phantom, the implemented algorithm was used on a 

human volunteer to show the feasibility of the technique on humans. The probe was 

placed on the volunteer’s neck on top of the internal carotid artery as shown in Figure 

3-12 below. 
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Figure 3-12: The position of the ultrasound probe when imaging the internal carotid artery (Darling, 

2011). 

 

3.7 Further Processing 

After the corrected velocities were obtained, they were compared with traditional 

2D and pulsed-wave Doppler ultrasound with manual Doppler angle adjustments in order 

to determine velocity estimation accuracy. In addition, for steady flow, the corrected 

velocity is compared with the velocity calculated from the volumetric flow rate as stated 

in equation 2-5. 

 

3.8 Calculation of Uncertainty 

Whenever taking measurements, there are often errors associated with them. As a 

result, it is a common practice to express the final measurements with their uncertainties. 

In this research, the velocities obtained from the measurements are expressed with their 

uncertainties. 
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For steady flow in the flow phantom, the uncertainty of velocity for each velocity-

time graph was obtained by measuring the difference of the maximum and minimum 

velocities in that particular graph. On the other hand, for pulsatile flow and in vivo study, 

the uncertainty of velocity for each velocity-time graph was determined from the range of 

the average velocities of each pulse cycle in that particular graph; in other words, the 

average velocities in each pulse cycle of that velocity-time graph was first determined, 

and the uncertainty was the difference between the maximum and minimum average 

velocity in that particular graph. 

For the corrected velocities using automatic angle calculation, the velocities were 

not obtained directly from the velocity-time graph. According to Equation 3-3, the 

corrected velocities depend on the uncorrected velocities and the Doppler angles. As a 

result, propagation of error was used. The uncertainty from the corrected velocity for the 

automatic angle calculation was obtained (from Equation 3-3) using, 

∆!!
!!
= ∆!!

!!

!
+ ∆ !"#!

!"#!

!
  

∆!!
!!
= ∆!!

!!

!
+ ∆! !"#!

!"#!

!
  

∆!! = !!
∆!!
!!

!
+ ∆! !"#!

!"#!

!
.  

Moreover, the uncertainty for the Doppler angle can be obtained by finding the absolute 

value of the difference of the Doppler angle between using automatic angle calculation 

and manual angle determination, which can be represented by 

∆! = !! − !! , 

where ∆! is the uncertainty of the Doppler angle, !! is the Doppler angle obtained from 

automatic angle calculation, and !! is the Doppler angle obtained from manual angle 

determination. 
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For the corrected velocities obtained from the volumetric flow rate, the 

uncertainty can be calculated as follows. As stated in Equation 2-5, 

!!"# =
!
!
  

                                                                !!"# =
!
!!!
.  (3-4) 

By combining and Equations 2-7 and 3-4, 

!!"# =
!!
!!!
.  

Therefore, 

                                                     ∆!!"# =
!
!

!
∆ !

!!

!
  (3-5) 

                                                ∆ !
!!

= !
!!

∆!
!

!
+ ∆ !!

!!

!
  (3-6) 

                                                              ∆ !!

!!
= !∆!

!
  (3-7) 

By combining Equations 3-6 and 3-7, 

                                                ∆ !
!!

= !
!!

∆!
!

!
+ !∆!

!

!
  (3-8) 

Finally, by combining Equations 3-5 and 3-8, 

∆!!"# =
!
!

! !
!!

∆!
!

!
+ !∆!

!

!
!

. 

Since the volumetric discharge and radius were measured by a measuring cylinder and 

caliper, ∆!  and ∆!  were obtained directly from the equipment, ∆! = ±1mL  and 

∆! = ±0.05mm. 
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Chapter 4  Results 

Two main setups were used for this research. The first setup is the flow phantom 

as described in the previous chapter, and the second setup is the internal carotid artery of 

a human volunteer. 

 

4.1 Flow Phantom 

There were two types of flow generated inside the phantom tube, they were steady 

flow and pulsatile flow. 

 

4.1.1  Steady Flow 

The volumetric discharge rate inside the tube was set to 170mL/min, and the inner 

tube radius was 2.65mm. The average flow velocity in the tube was 12.84cm/s using 

equation 2-5, and the Reynolds number was 168.87 using equation 2-6. Since the 

Reynolds number is smaller than 2300, the flow was laminar. As a result, the maximum 

velocity at the centerline was determined to be 25.69cm/s using equation 2-7.  

The probe was first placed at location 1 as shown in Figure 3-10 and Figure 3-11, 

and the results are shown as follows. Two of the 2D power Doppler images are shown in 

Figure 4-1 below. It can be seen from the images that no power Doppler signals were 

shown at the lower branch of the tube as indicated by Figure 3-11. This can be explained 

from the design of the flow phantom. Since the upper branch is located right between the 

lower branch and the transducer, the backscattered signal from the lower branch may 

have been contaminated or blocked by the upper branch before reaching the transducer. 
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Also, since the lower branch of the tube is thinner and deeper than the upper branch of 

the tube, the backscattered signal from the lower branch may not be strong enough that 

the amplitude threshold that was set to eliminate noise in the image was possibly above 

the amplitude of the signal from the lower branch. As a result, the signal from the lower 

branch was unable to show on the image. 

      

Figure 4-1: 2D Power Doppler images of the flow phantom with steady flow inside the tube. 

The resulting 3D binary image of the tube is shown in Figure 4-2. Each voxel of 

the image has a dimension of 1mm by 1mm by 1mm. The threshold value for the binary 

image was set to be 50% of the maximum value of the original image. This value was 

chosen for the purpose of centerline extraction that will be explained in detail below. 
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Figure 4-2: The 3D image of the reconstructed tube and the projection of its shadow onto the xy, yz 

and xz-plane shown in MATLAB. 

The tube centerline was extracted by skeletonization of the binary image. As 

mentioned above, the threshold value of the binary image was chosen to be 50% of its 

maximum value, which was determined by trial-and-error. A range of threshold values 

from 20% to 80% of the maximum value had been tested for the skeletonization, and the 

optimal threshold value was between 40% and 60% of the maximum value. Therefore, 

for simplicity, this value was chosen to be 50%. However, the extracted skeleton was 

noisy and rough. In order to have a smooth skeleton, ‘laplacian smoothing’ was used. 

Figure 4-3 shows the reconstructed tube geometry, extracted skeleton, and smoothened 

skeleton displayed in Gorgon, and  

Figure 4-4 shows the extracted skeleton plotted in MATLAB. 
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Figure 4-3: 3D images of the reconstructed tube geometry (left), extracted centerline (center) and 

smoothened centerline (right) shown in Gorgan on the xy-plane. 

	
  

	
  

Figure 4-4: Tube centerline (orange) and the projection of its shadow onto the xy, yz and xz-plane 
(grey)	
  

After the centerline was obtained, the Doppler angles of the centerline were 

calculated at locations along the centerline, Figure 4-5 shows the resulting angles. 
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Figure 4-5: The top figure shows the centerline projected onto the xy-plane, and the calculated 

Doppler angles along the centerline are shown in the bottom figure. The velocities were obtained at 

four locations of the centerline, and are indicated by the green dots labeled 1, 2, 3 and 4 respectively. 

Through the use of pulsed-wave Doppler, the velocities without Doppler angle 

corrections were obtained at four locations of the centerline in real time. Referring to 

equation 3-3, the corrected velocities were obtained by dividing the uncorrected velocity 

by the cosine of the Doppler angle that was found by using the implemented algorithm. It 

is indicated in Figure 4-5 for the four locations on the centerline where the pulsed-wave 

Doppler data were obtained, and Figure 4-6 shows the velocity-time graphs of the angle 

uncorrected and corrected velocities at these four different locations. 
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            (g)             (h) 

Figure 4-6: Velocity-time graphs at different locations of the centerline as described by Figure 4-5. 

(a), (c), (e) and (g) are graphs showing the measured velocity vs. time at locations 1, 2, 3 and 4 

respectively. In addition, (b), (d), (f) and (h) are the respective graphs of (a), (c), (e) and (g) when a 

moving average filter is applied. 

Table 4-1 below summarizes the angle corrected and uncorrected velocities for 

probe position 1 at the four locations using the implemented algorithm, manual Doppler 

angle adjustment and volumetric flow rate. 

Table 4-1: Time average velocities with uncertainties obtained from the four locations illustrated in 

Figure 4-5 using different methods. 

Velocities 

Uncorrected 

Velocities 

[cm/s] 

Corrected Velocities [cm/s] 

 
No 

adjustments 

Implemented 

algorithm 

Manual 

Doppler angle 

adjustment 

Volumetric 

flow rate 

1 19.36± 2.01 21.91± 2.49 22.83± 2.36 

25.69± 0.62 
2 19.63± 2.21 22.05± 2.67 22.67± 2.55 

3 20.98± 2.10 23.41± 2.55 24.22± 2.44 

4 23.01± 2.43 25.69± 3.02 26.06± 2.75 
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The experiment was repeated for simulating steady flow in the flow phantom, 

with the probe placed at probe position 2 as indicated in Figure 3-10 and Figure 3-11. 

The results are shown in Figure 4-7 and Figure 4-8. 

 

 
Figure 4-7: The experiment was repeated for steady flow in the phantom. The top figure shows the 

centerline projected onto the xy-plane, and the calculated Doppler angles along the centerline are 

shown in the bottom figure. The velocities are obtained at four locations of the centerline, and are 

indicated by the green dots labeled 1, 2, 3 and 4 respectively. 
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           (g)            (h) 
Figure 4-8: Velocity-time graphs at different locations of the centerline as described by Figure 4-7 

where the probe was placed at a second location. (a), (c), (e) and (g) are graphs showing the measured 

velocity vs. time at locations 1, 2, 3 and 4 respectively. In addition, (b), (d), (f) and (h) are the 

respective graphs of (a), (c), (e) and (g) when a moving average filter is applied. 

 Table 4-2 below summarizes the angle corrected and uncorrected velocities for 

probe position 2 at the four locations using the implemented algorithm, manual Doppler 

angle adjustment and volumetric flow rate. 

Table 4-2: Time average velocities with uncertainties obtained from the four locations illustrated in 

Figure 4-7 using different methods. 

Velocities 

Uncorrected 

Velocities 

[cm/s] 

Corrected Velocities [cm/s] 

 
No 

adjustments 

Implemented 

algorithm 

Manual 

Doppler angle 

adjustment 

Volumetric 

flow rate 

1 14.12± 2.58 22.90± 5.18 26.65± 4.87 

25.69± 0.62 
2 14.38± 3.16 24.18± 6.32 25.71± 5.65 

3 14.33± 3.37 22.49± 6.01 24.38± 5.74 

4 15.10± 3.32 25.74± 6.38 23.49± 5.16 
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4.1.2 Pulsatile Flow 

 After the use of steady flow, pulsatile flow was simulated in the flow phantom as 

indicated in Figure 3-9, and the probe was placed at the two locations as indicated in 

Figure 3-10 and Figure 3-11. The frequency of the pump was set to 4 Hz. Same as steady 

flow, through the use of pulsed-wave Doppler, the velocities without Doppler angle 

corrections were obtained at four locations of the centerline in real time. The corrected 

velocities were then obtained by dividing the uncorrected velocity by the cosine of the 

Doppler angle that was found by using the extracted centerline. It is indicated in Figure 

4-9 for the four locations on the centerline where the pulsed-wave Doppler data were 

obtained, and Figure 4-10 shows the velocity-time graphs of the angle uncorrected and 

corrected velocities at these four different locations. 
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Figure 4-9: The top figure shows the centerline projected onto the xy-plane, and the calculated 

Doppler angles along the centerline are shown in the bottom figure. The velocities are obtained at 

four locations of the centerline, and are indicated by the green dots labeled 1, 2, 3 and 4 respectively. 
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           (c)            (d) 

 
           (e)             (f) 

 
           (g)             (h) 
Figure 4-10: Velocity-time graphs at different locations of the centerline as described by Figure 4-9 

where the probe was placed at location 1. (a), (c), (e) and (g) are graphs showing the measured 

velocity vs. time at locations 1, 2, 3 and 4 respectively. In addition, (b), (d), (f) and (h) are the 

respective graphs of (a), (c), (e) and (g) when a moving average filter is applied. 
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Table 4-3 below summarizes the time-average angle corrected and uncorrected 

velocities for probe position 1 at the four locations using the implemented algorithm and 

manual Doppler angle adjustment. 

Table 4-3: Time average velocities with uncertainties obtained from the four locations illustrated in 

Figure 4-9 using different methods. 

Velocities 

Uncorrected Time-

Average Velocities 

[cm/s] 

Corrected Time-Average Velocities [cm/s] 

 
No adjustments 

Implemented 

algorithm 

Manual Doppler 

angle adjustment 

1 17.62± 1.27 19.61± 2.45 24.49± 1.77 

2 16.72± 2.21 18.92± 3.27 21.83± 2.87 

3 20.24± 1.74 28.21± 6.23 25.68± 2.21 

4 18.34± 4.18 23.22± 6.50 23.49± 5.30 

The experiment was repeated with the ultrasound probe placed at position 2 as 

shown in Figure 3-10 and Figure 3-11, and the results are shown in Figure 4-11 and 

Figure 4-12. 
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Figure 4-11: The experiment was repeated for pulsatile flow in the phantom. The top figure shows 

the centerline projected onto the xy-plane, and the calculated Doppler angles along the centerline are 

shown in the bottom figure. The velocities are obtained at four locations of the centerline, and are 

indicated by the green dots labeled 1, 2, 3 and 4 respectively. 
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            (g)             (h) 
Figure 4-12: Velocity-time graphs at different locations of the centerline as described by Figure 4-11. 

(a), (c), (e) and (g) are graphs showing the measured velocity vs. time at locations 1, 2, 3 and 4 

respectively. In addition, (b), (d), (f) and (h) are the respective graphs of (a), (c), (e) and (g) when a 

moving average filter is applied. 

Table 4-4 below summarizes the time-average angle corrected and uncorrected 

velocities for probe position 2 at the four locations using the implemented algorithm and 

manual Doppler angle adjustment. 

Table 4-4: Time average velocities with uncertainties obtained from the four locations illustrated in 

Figure 4-11 using different methods. 

Velocities 

Uncorrected Time-

Average Velocities 

[cm/s] 

Corrected Time-Average Velocities [cm/s] 

 
No adjustments 

Implemented 

algorithm 

Manual Doppler 

angle adjustment 

1 12.26± 2.67 20.06± 4.92 21.92± 4.76 

2 12.63± 3.83 20.73± 6.71 23.83± 6.84 

3 14.32± 1.04 23.48± 3.11 25.61± 1.86 

4 15.71± 0.86 25.38± 3.19 28.09± 1.54 
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4.2 In-Vivo Data 

Through the use of a flow phantom as a platform, it was shown in the previous 

section that the implemented algorithm allows the automatic determination of the 

Doppler angle at all the locations of the phantom tube. In order to demonstrate the 

feasibility of the technique on humans, the algorithm was used on a human volunteer. As 

explained in the previous chapter, since the ICA is one of the indicators to determine the 

occurrence of vasospasm, the algorithm was tested on the ICA of the human volunteer. 

As in the phantom experiments, the 4DC7-3/40 transducer in power Doppler mode was 

used to obtain 2D images of the ICA. In addition, in order to show that the use of 3D 

Doppler ultrasound does not require the probe to be aligned with the plane that contains 

the blood vessel, the probe was purposely positioned at a location that does not align with 

the plane. The reconstructed 3D ICA geometry was obtained by using linear interpolation 

on the combined slices of 2D images, the centerline was extracted, and the Doppler 

angles along the centerline are calculated. The results are shown in Figure 4-13 and 

Figure 4-14. 

 
Figure 4-13: The reconstruction of the ICA geometry, with its projection onto the xy, yz and xz-

plane, and extracted centerline shown in MATLAB. 
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Figure 4-14: The extracted centerline from the ICA geometry, with its projection onto the xy, yz and 

xz-plane, and extracted centerline shown in MATLAB. 

After the Doppler angle was determined, pulsed-wave Doppler was used to obtain 

the uncorrected velocity at a location of the extracted centerline from the ICA geometry 

as indicated in the first graph of Figure 4-15. By dividing the uncorrected velocity by the 

cosine of the Doppler angle, the corrected velocity was calculated. The velocity-time 

graph between the uncorrected and corrected ICA velocities using the implemented 

algorithm is shown in Figure 4-16. 
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Figure 4-15: The ICA of a human volunteer was imaged. Doppler data was obtained, and the ICA 

geometry was reconstructed. The top figure shows the centerline of the geometry projected onto the 

xy-plane, and the calculated Doppler angles along the centerline with respect to the x axis are shown 

in bottom figure. The arrow indicates the location where the velocities were obtained using pulsed-

wave Doppler. 
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Figure 4-16: Graph showing the uncorrected and corrected velocity-time graph of the ICA blood 

flow of the human volunteer, obtained using automatic angle calculation. 

In order to verify that the ICA blood flow velocity was correct, the velocity inside 

the ICA was measured by using pulsed-wave Doppler with manual angle correction. 

However, since the probe was not aligned with the plane that contained the ICA, in order 

to manually adjust the Doppler angle, the probe was repositioned in order to align with 

the plane. Figure 4-17 shows the comparison of the velocity vs. time graph between the 

velocity of the ICA obtained by using manual angle correction and the implemented 

algorithm. 
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Figure 4-17: Velocity-time graph of the ICA blood flow of the human volunteer, obtained using 

manual angle determination and automatic angle calculation. 

As explained earlier, the time average velocity should be considered when 

determining the signs of vasospasm. The time average velocity obtained from the 

implemented algorithm was 32.51± 8.61 cm/s, whereas that for manual angle correction 

was 35.48± 2.33 cm/s. 
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Chapter 5  Discussion and Conclusion 

This research studies the utilization of the existing clinical ultrasound imaging 

system for operator independent Doppler ultrasound imaging for the detection of cerebral 

vasospasm. Essentially, it determines whether the upgrade of the existing Doppler 

ultrasound technology can eliminate the manual measurement of Doppler angle by a 

dedicated ultrasonographer during velocity estimation in blood vessels. The developed 

algorithm was tested on three settings: flow phantom with steady flow, flow phantom 

with pulsatile flow, and the ICA of a human volunteer. The method used in this research 

includes the reconstruction of 3D power Doppler images on the vascular structure, 

extraction of the centerline by using binary skeletonization, calculation of Doppler angle 

and construction of the temporal blood velocity profiles at various parts of the 

vasculature. We have successfully used the above methods to obtain the corrected 

velocities in a flow phantom setting and in the ICA of a human volunteer. 

 

5.1 Discussion 

Two other methods were used to determine the accuracy of the developed 

algorithms: comparison against volumetric flow rate (equation 2-5) for steady flow only; 

and comparison against Doppler velocity measurements with manual angle correction 

(method used clinically) for both steady and pulsatile flow. 

Both methods were used for the first sets of results from using steady flow inside 

the flow phantom. Referring to Table 4-1, the velocity at the centerline obtained from the 

volumetric discharge rate is 25.69± 0.62 cm/s. Using this method as comparison, the 

percentage differences are 14.71%, 14.17%, 8.88% and 0% respectively for locations ‘1’, 

‘2’, ‘3’ and ‘4’ on Figure 4-5. 
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The limitation for this method is that it is based on the assumption that the flow 

across the tube is laminar. However, this may not be the case, and the velocity profile of 

the flow may be distorted especially at the point closest to the branching point like 

locations 1 and 2 as shown in Figure 4-5. This may explain why the velocities at those 

two locations give higher percentage differences than that at locations 3 and 4. 

Using the manual corrected velocities as a means of comparison, the results are 

displayed in Table 4-1. The percentage differences obtained by using this method of 

comparison are 4.03%, 2.73%, 3.34% and 1.42% respectively for locations ‘1’, ‘2’, ‘3’ 

and ‘4’ on Figure 4-5. This supports the assumption that the flow near the branching 

point may not be laminar. 

There are also limitations for the second verification method. Firstly, it is difficult 

to align the probe perfectly with the plane that contains the vessel, causing a component 

of the velocity to be outside of the 2D image, leading to error for manual velocity 

corrections. 

For the second set of results from using steady flow inside the flow phantom, the 

probe was placed at a different location as shown in Figure 3-10 and Figure 3-11. 

Through the use of the first method, the velocity at the centerline obtained from the 

volumetric discharge rate is 25.69± 0.62 cm/s, and the percentage errors were 10.86%, 

5.88%, 12.46% and 0.19% respectively for locations ‘1’, ‘2’, ‘3’ and ‘4’ on Figure 4-7. 

Compared to the manual Doppler velocity measurements, the percentage errors 

obtained were 14.07%, 5.96%, 7.75% and 9.58% respectively for locations ‘1’, ‘2’, ‘3’ 

and ‘4’ respectively. 

It can be shown that the first set of results were more accurate than the second set 

of results. This could be explained by the difference of the probe location. For probe 

location 1, the Doppler angles measured for the four locations are around 30 , whereas 

for probe location 2, the Doppler angles measured for the four locations are around 50 . 

Also, the larger the angle, a one degree difference will result in a larger difference in 

θcos . This means that each degree difference at larger angles will result in larger errors 
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when compared to smaller angles when used in equation 3-3. Also, as specified by 

Edward et. al., when the Doppler angle is greater than 60 , measurements are likely to be 

inaccurate (Grant, 2003). 

For pulsatile flow inside the flow phantom, the results are displayed in Figure 

4-10 and Figure 4-12, which provide the velocity measurements when the probe is placed 

at two different locations. For probe location 1, by using the manual corrected velocities 

as a means of comparison, the results are displayed in Table 4-3. The percentage errors 

were 19.93%, 13.33%, 9.85% and 1.15% respectively for locations ‘1’, ‘2’, ‘3’ and ‘4’ on 

Figure 4-9. It can be seen that for location ‘1’, the error is higher than the other locations. 

This discrepancy can be explained from Figure 4-9. By comparing Figure 4-9 with Figure 

4-5, Figure 4-7 and Figure 4-11, the extracted centerline in Figure 4-9 is more crooked at 

the area close to the bifurcation when compared to the other three, which in turn, affects 

the Doppler angle measurements especially at vessel location 1 and 2. This error in 

centerline extraction could have been affected by noise in the ultrasound images acquired 

from the probe. 

For probe location 2, by using the manual corrected velocities as a means of 

comparison, the results are displayed in Table 4-4. The calculated percentage errors were 

8.49%, 13.01%, 8.32% and 9.65% respectively for locations ‘1’, ‘2’, ‘3’ and ‘4’ indicated 

on Figure 4-11. 

Velocity corrections were obtained from the ICA of a human volunteer in order to 

demonstrate the feasibility of the technique on a human subject. It can be seen from 

Figure 4-17 that the corrected velocities obtained from the implemented algorithm are 

very close to that obtained from the manual adjustments of an operator. By using manual 

angle correction in Figure 4-17 as a means of comparison, the percentage error for the 

time-average velocity is 8.37%. 

The results show the effect of Doppler angle on the velocity measurements. For 

smaller Doppler angles, the difference between the corrected and the uncorrected 

velocities may not be significant. However, when the Doppler angle is relatively larger, 

the difference can be significant, which demonstrates the importance of Doppler angle 
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adjustments while measuring velocities. Figure 4-16 shows that the difference between 

the uncorrected and corrected velocities can be large when the Doppler angle is large. 

5.2 Conclusion 

The results obtained from the implemented algorithm were verified with that from 

manual angle adjustments. For steady flow in a phantom, the method was able to 

determine the centerline velocity from 1.42% to 4.03% error for smaller Doppler angles, 

and from 0.19% to 10.86% error for larger Doppler angles, depending on the proximity to 

the bifurcation. For pulsatile flow in the phantom, the method was able to determine the 

centerline velocity from 1.15% to 19.93%. As discussed in the discussion section, the 

higher error can be explained by the centerline extraction that could have been affected 

by noise. Finally, for in-vivo flow in a human ICA, the error was 8.37%. 

To conclude, this thesis has demonstrated that operator independent monitoring of 

blood flow is possible. 
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Chapter 6  Future Work 

Through the use of a flow phantom and the ICA of a human volunteer as 

platforms, this thesis demonstrates that Doppler angle corrections can be done 

automatically without the need of an operator. Since the ultimate goal of this project is to 

determine the signs of cerebral vasospasm for patients who suffers from SAH, and the 

lindegaard ratio states that the ICA and the MCA are used to determine the signs of 

vasospasm. As a result, the next step of the research involves the automatic calculations 

of the Doppler angle and its velocity corrections in the MCA. 

Once the feasibility of the new technique is shown in the MCA, this new 

ultrasound technique should be implemented for clinical use. This can be divided into 

software and hardware components. For the software part, a software platform should be 

developed that combines all the functions and methods used in this thesis. This includes 

the acquisition of power Doppler and pulsed-wave Doppler images, the reconstruction 

and interpolation of a 3D image from the power Doppler images, the extraction of 

centerline from the blood vessel geometry of the 3D images, the calculation of the 

Doppler angles from the centerline, and finally, the correction of velocities using the 

calculated Doppler angles. 

For the hardware part, it involves developing a brain helmet that contains two 

probes for the acquisition of images from the ICA and MCA. This helmet can be worn by 

the patient, and the probe position can be adjusted in order to obtain the images in the 

ICA and MCA. 

The brain helmet and the software platform should be combined into one single 

system, so that it can be used clinically. The brain helmet should be tested on healthy 

people for the determination of ICA and MCA velocities, followed by testing on patients 

for the signs of vasospasm. As written in the long term objective of the introduction of 
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this thesis, the ultimate goal is that, the use of this technique will provide similar Doppler 

angle measurements and velocity calculations as that by using a dedicated 

ultrasonographer for the manual corrections. 
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