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INTRODUCTION AND BACKGROUND 
Ultrasound has been a clinical imaging tool for almost 50 years. In 
the 1970s, the technology experienced an improvement with the 
introduction of real-time brightness mode (B-mode) and the 
superposition of Doppler data as a color overlay on the gray-scale 
B-mode [1]. The combination of gray-scale B-mode and color 
Doppler imaging permitted visualization of anatomy, while at the 
same time information about blood flow was given [2]. Ultra-
sound has, at the same time, developed from a cumbersome 
machine producing poor images to a portable instrument that can 
be moved freely around a hospital producing highly accurate 
anatomical images. This has required medical doctors, physicists, 
and engineers to work together [3] to bring ideas and develop-
ment to medical ultrasound.  
This thesis is part of a longstanding collaboration between medi-
cal doctors at the Department of Radiology (RAD) at Copenhagen 
University Hospital (Rigshospitalet), and physicists and engineers 

from the Center for Fast Ultrasound Imaging (CFU) at the Tech-
nical University of Denmark. CFU develop new ultrasound meth-
ods for B-mode imaging and blood flow imaging and medical 
doctors are validating the techniques for clinical imaging. The first 
study in this thesis concerns a clinical validation of the B-mode 
imaging technique Synthetic Aperture Sequential Beamforming 
combined with Tissue Harmonic Imaging (SASB-THI). SASB-THI is 
based on the ideas of Synthetic Aperture (SA) and Synthetic Aper-
ture Sequential Beamforming (SASB), which were developed by 
CFU and validated by scanning healthy volunteers and patients 
with liver tumors in collaboration with RAD. Combining SASB with 
tissue harmonic imaging (THI) was developed by CFU as the next 
improvement, and its clinical validation was the natural follow-up. 
The second and third study addresses vector flow imaging (VFI), 
an angle-independent technique for blood flow imaging. VFI was 
developed by CFU and validated in collaboration with RAD on an 
experimental scanner. After this, VFI continued its expansion into 
a commercially available system and some early clinical studies 
have been performed. Continuation of the validation and de-
ployment of VFI in everyday clinical practice is the next apparent 
step for the collaboration between CFU and RAD. The second 
study focuses on VFI’s ability to gauge volume flow in arteriove-
nous fistulas for hemodialysis, while the third study focuses on its 
ability to estimate portal vein velocity.  
The introduction continues with a description of the theory be-
hind B-mode imaging followed by description of new methods for 
it. Later, the conventional flow technique is described vis-à-vis 
angle-independent blood flow imaging. The last part of the intro-
duction addresses comparative statistics.  

B-MODE 
Conventional B-Mode Imaging 
The conventional B-mode image comprises a number of lines. A 
focused pulse is emitted into the tissue; as it does, echoes are 
generated by reflections and scattering from the tissue elements. 
Once the transducer detects all echoes, an image line can be 
produced. Normally, information from pulses and echoes from 
one or several elements in the array of the transducer are used to 
create each image line. For creation of the full B-mode image with 
several image lines, the active elements are moved stepwise to 
the side, and a new focused pulse is emitted and echoes received 
until all elements have been used. None of the previous generat-
ed image lines are reused for the next full B-mode image. These 
conditions sets limits to the temporal resolution as the frame rate 
of a full B-mode image is limited by the number of image lines, 
the speed of sound in tissue, and scans depth. The resolution of 
the B-mode images turns out to be additionally limited by these 
restrictions, as a high number of image lines are needed for a high 
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resolution. To some extent, the resolution can be improved by 
applying multiple focused pulses; however, this reduces the 
frame rate [4]. Given this, the conventional B-mode technique has 
indisputable drawbacks.  

Synthetic Aperture B-mode imaging 
SA imaging is an alternative B-mode technique. SA was initially 
developed for radar technology [5] and suggested for use in ultra-
sound in 1974 [6]. SA’s limitation has been its high computational 
requirements; however, the availability throughout the 1990s of 
fast computers enabled development of a fully integrated SA 
system [7, 8]. 
When using SA as a B-mode technique, one or a group of ele-
ments in the transducer emits a spherical wave. During receive 
mode, all elements in the transducer record echoes at the same 
time, as opposed to the conventional B-mode technique, where 
only the elements that emit are receiving. As the received echo 
contains information from all directions a low-resolution B-mode 
can be composed. From multiple low resolution images obtained 
from several emitted and received pulses a final high resolution 
image can be summed (Fig 1)[9]. Applying SA for B-mode con-
struction can generate a higher frame rate than with conventional 
imaging. Furthermore, SA has proven to heighten resolution and 
improve penetration depth compared to a conventional B-mode 
technique [10].  
 

 
 

Figure 1: Illustration of Synthetic Aperture [SA]. A high-resolution image is achieved 
by summing low-resolution images. One or a group of elements emit a spherical 
wave and all elements receive the signal to acquire a low-resolution image.  

Synthetic Aperture Sequential Beamforming 
In 2008, Kortbek et al. purposed a solution [11] that separates the 
beamforming process into two stages, thereby reducing SA sys-
tem computational requirements. In the first stage, beamformer 
scan lines are generated with a single focus point in emit and 
receive; in the second stage, a set of high-resolution image points 
combine information from multiple focused scan lines acquired in 
the first stage [11]. As an extra benefit of SASBs, the beamforming 
process reduces the data requirements to a single output signal, 
that is, a factor of 64 for a 64 channel system, enabling wireless 
RF data transfer. A wireless transducer system implemented on a 
commercial mobile device can be based on SASB with safe and 
reliable real-time data transmission [12]. SASB’s ability to produce 
B-mode images has been validated in a blinded preclinical and 

clinical study, where medical doctors evaluated B-mode images of 
abdominal organs, and noted that SASB image quality matched 
conventional techniques [13, 14].  

Synthetic Aperture Sequential Beamforming combined with Tissue 
Harmonic Imaging 
Besides reducing the SA system computational load, SASB can 
produce sufficient acoustic energy to create harmonic compo-
nents for THI. Combining SASB and THI was, thus, a logic way to 
go, since SASB B-mode image quality could be improved with THI 
(Fig 2) [15-17].  
 

 
Figure: 2 Even harmonics are separated by the pulse inversion technique [15, 16], and 
each beam is perceived as a virtual ultrasound source emitting from the beam focal 
point. The received beam echoes are summed to yield the high resolution. Transmit 
and receive elements are identical for each emission.    
 
THI has been used for many years in clinical imaging to improve 
spatial and contrast resolution, and deliver fewer artifacts. The 
basic theory is to image the “harmonic” signal created by the 
tissue. The tissue reflects the ultrasound signal with a so-called 
fundamental frequency, but also with additional frequencies 
termed the harmonics (Fig. 3). Once the fundamental and the 
harmonic frequencies are received, the ultrasound system can 
process only the latter. The harmonic frequencies build to a max-
imum intensity, then decay because of attenuation. The second 
harmonic signal is normally used for imaging [18, 19]. The combi-
nation of SASB and THI was clinically evaluated in the first study 
of this thesis. Patients with biopsy- or computed tomography/ 
magnetic resonance (CT/MR)-verified malignant focal liver lesions 
were scanned the day before surgery.  

 
 
Figure 3: A schematic illustration of the strength changes of the received fundamen-
tal and harmonic waves with increasing tissue depth. 
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FLOW IMAGING 
Conventional Flow Imaging 
The standard method for evaluating flow direction is color Dop-
pler ultrasound, while blood velocity is determined with spectral 
Doppler. These two techniques are widely used in flow imaging 
and have proven to be of great importance in evaluating, for 
example, hepatic vasculature [20, 21], hemodialysis vascular 
access [22, 23], carotid artery stenosis [24], and renal stenosis 
[25, 26]. A major problem with color Doppler ultrasound is that 
only blood flow in the direction of the emitted beam and only 
velocities towards or away from the transducer can be estimated, 
that is, in the axial direction [4]. However, frequently a vessel is 
located at a different beam-to-flow angle than the axial direction. 
The operator is obliged to adjust the transducer to an angle of 
less than 70 degrees to visualize flow direction. At 90 degrees no 
flow is seen (Fig. 4). 
 

 

Figure 4: Color Doppler: The colors indicate the direction of the flow. Blue indicates 
flow going away from the transducer and red indicates flow going towards the 
transducer. No information about velocities is given; thus, the technique can only be 
used for flow direction assessment. The image shows the portal vein scanned in a 
subcostal position. Note that with an angle of 90 degrees no flow is seen. 

In spectral Doppler, angle correction is applied when estimating 
velocities. Within an operator-selected range gate, angle correc-
tion is performed and a quantitative velocity value is displayed on 
the scanner (Fig. 5). 
 

 
 
Figure 5: Spectral Doppler measurement of the flow in the main portal vein. The flow 
velocity is illustrated within a spectrogram. Angle of insonation is less than 70 
degrees, indicating a reliable measurement. Flow is only measured within the range 
gate. 

What is supposed to be the true velocity v can be determined by 
the equation stated below: 

v = vz / cos θ, 
 
where vz is the axial velocity and θ is the angle of insonation. The 
operator sets the angle, assuming that the flow is parallel to the 
vessel and laminar. This is certainly a simplification, since a vessel 
often is curved, contains branches, can be stenotic or aneurys-
matic, or can contract or dilate, giving a much more disturbed 
flow [27-29]. The angle correction is one of the main reasons for 
overestimating the flow. When the angle approaches 90 degrees 
reliable velocity estimates cannot be achieved since cos (90) = 0. 
As with color Doppler, it is therefore necessary to achieve an 
angle of insonation of less than 70 degrees [30, 31]. Even though 
the beam-to-flow angle is less than 70 degrees, spectral Doppler 
overestimates the true velocity [32]. A small deviation between 
the beam-to-flow and the beam direction can result in a large 
error, when calculating the velocity v [31]. The low inter-observer 
variability and high inter-equipment variation is another concern 
with spectral Doppler [33]. Previous studies have shown poor 
inter-observer variability; however, a training program could 
improve agreement [34]. 

Angle-independent flow imaging 
Problems with angle dependencies can be solved by vector veloci-
ty estimation, where the blood motion is found in more directions 
than just the axial [35]. Hence, blood flow velocities are obtained 
independent of beam-to-flow, which results in an improved flow 
understanding. Combining multiple Doppler measurements was 
proposed as early as 1970, and Dunmire et al., provided a full 
overview of the different approaches [36]. Although numerous 
methods combining multiple Doppler measurements have been 
developed and evaluated both in-vitro and in-vivo, none have 
become a mainstream clinical work instrument. Another ap-
proach is speckle tracking. Bohs et al. described its limitations 
[37], with the main one being its inability to track the axial com-
ponent correctly; speckle tracking has likewise not managed to 
become a mainstream clinical instrument. The first technique to 
become a mainstream product is Transverse Oscillation (TO), 
which was developed by Jensen and Munk and estimates the 
transverse velocity and the axial velocity at the same time [38, 
39]. For transmission, a conventional ultrasound pulse is emitted. 
The axial velocity is found similar to a conventional ultrasound 
technique, while the transverse velocity is found by manipulating 
the apodization during receive beamforming. The combination of 
the axial and transverse velocity can be used to calculate the 
vector velocity. Even though TO is now available, commercial 
ultrasound scanner vector techniques share the problem. None of 
them have had any clinical impact and both color and spectral 
Doppler are still the industry standard for daily clinical vascular 
ultrasound [40].  

Vector Flow Imaging 
VFI is the commercial setup for TO and provides 2-D images of the 
blood flow. Each pixel contains quantitative information about 
direction and velocity. Arrows can be superimposed in real time 
on the color-coded pixels for flow-profile interpretation as dis-
played in Figure 6. Several clinical studies from the collaboration 
between the RAD, and CFU have validated its use in a clinical 
setting. Hansen et al. found VFI obtained volume flow values in 
the common carotid artery comparable to magnetic resonance 
angiography [27, 41]. Pedersen et al. compared spectral Doppler 
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estimated flow angle, peak systolic velocity, end diastolic velocity, 
and resistive index in the common carotid artery to VFI and found 
significant difference in flow angle and peak systolic velocity [42]. 
Furthermore, Pedersen et al. found that VFI vector concentration 
could be used to distinguish between laminar and complex flow 
[43]. Hansen et al. found VFI applicable to measure volume flow 
in arteriovenous fistula for hemodialysis with a better reproduci-
bility than the reference method Ultrasound Dilution Technique 
(UDT) [44]. For cardiac imaging, Hansen et al. showed that VFI can 
provide new insight into cardiac imaging regarding flow [45, 46]. 
Overall, VFI shows some promising results; however, final imple-
mentation in daily clinical routine has not yet been managed. This 
is most likely caused by the lack of TO implementation on more 
than a linear probe. The first implementation of TO on a commer-
cially available convex transducer is addressed in this thesis 

 
 

Figure 6: The figures displays the portal vein obtained with from an intercostal view 
[left] and subcostal view [right]. The flow looks laminar and parabolic, with shorter 
arrows along the vessel walls than centrally in the vessel lumen. 

Vector Volume Flow 
VFI can be used for volume flow calculation in arteriovenous 
fistula for hemodialysis; however, VFI underestimates the flow 
[44]. The volume flow can be found by integrating the vector-
velocity profile over the cross-sectional vessel. A problem with 
superficial vessels such as an arteriovenous fistula is that they are 
easily compressed under the weight of the transducer, which will 
change the cross-sectional geometry. Furthermore, it is difficult 
for the user to place the transducer in the center intersection of 
the vessel and steer the ultrasound beam in the direction along 
one center of the epileptic geometry (Fig. 7). These errors were 
described by Jensen et al. and corrected for in the estimating 
scheme for volume flow in arteriovenous fistula in this thesis [47, 
48]. 
 

 
Figure 7: The figure illustrates sources of error in volume flow estimation of superfi-
cial vessels. Elliptic cross-section [left], beam-off axis [middle], and steering in an 
elliptic vessel [right]. The image is used by permission [47]. 
 
Vector volume is evaluated against the reference method in 
arteriovenous fistula volume flow determination ultrasound 
dilution technique (UDT) (Fig. 8) [49, 50]. UDT is  an indicator 
dilution technique described by Krivitski and Depner [51, 52]. A 
known quantity of saline is added to the blood stream during a 
dialysis session. Changes in the resulting blood concentration as a 
function of time can be used to estimate volume flow. The dialysis 
machine is set to reverse the blood stream, recirculating some of 
the blood in the arteriovenous fistula [51].  
 

 
 
Figure 8: The figure illustrates volume flow estimation with UDT. Measurements can 
only be performed while the patient is in hemodialysis. 

COMPARISON STATISTICS 
The second and third studies compared two techniques using the 
generally accepted Bland-Altman analysis [53]. The limit of 
agreement (LOA) must be within an acceptable limit. A 30 percent 
error has been proposed as the acceptable LOA in a Bland-Altman 
analysis. However, this criterion assumes a 20 percent error on 
the reference method and the method being validated [54]. A 
precise determination of each individual method is therefore 
necessary before the LOA in a Bland-Altman comparison can be 
accepted. The comparison was based on two independent meas-
urements with each technique. Calculation was performed as two 
standard deviations (STD) of the difference between two meas-
urements of method a and b of method x over all included pa-
tients, divided by the mean of all measurements and multiplied 
by 100 to be expressed in percentage [54]. The equation for the 
precision calculation is given as: 

, 

where n is the number of patients, and 

 

x  is the average value. 
After the precision of each method is determined, the excepted 
LOA can be calculated. The equation for the expected LOA is given 
as: 
  

  

 
where P is the precision for each method x and y. The LOA of a 
Bland-Altman should not be wider than expected and below 30 
percent for the two methods to be interchangeable [55, 56]. For 
the second and third studies, analysis of interchangeability was 
conducted for VFI compared to the reference methods.  
 
Aims 
In study I the aim was perform a clinical comparision of a 
conventional imaging technique and SASB-THI using liver scans 
from patients with confirmed malignant focal liver cancer. The 
generated image sequences, SASB-THI and conventional 
technique videos, were evaluated by radiologists for detection of 
malignant focal liver lesions and to assess the image quality of 
SASB-THI compared with that of a conventional technique in a 
clinical setting. 
In study II the aim was to find the agreement between volume-
flow estimates by VFI and UDT, and VFI’s ability to detect changes 
in volume flow for hemodialysis monitoring have not been stud-



 DANISH MEDICAL JOURNAL   5 

ied previously. In this study, the primary aim was to analyze the 
agreement between UDT and VFI, and determine if VFI can detect 
changes in volume flow over time, compared to corresponding 
estimates obtained by UDT. 
In study III the aim was to investigate whether the angle-
independent VFI technique is an alternative to spectral Doppler 
for portal vein peak velocity estimation. VFI was validated in-vitro 
using a flowrig and in-vivo compared to spectral Doppler in two 
scan positions of the portal vein. Furthermore, intra- and inter-
observer agreement for VFI and spectral Doppler was assessed in-
vivo. 

MATERIALS, METHODS, AND RESULTS STUDY I 
Material and methods  
Scans from 31 patients with malignant focal liver tumors were 
included in the evaluation. Both scans with and without visible 
tumors were included in the study. Diagnoses were confirmed by 
biopsy or computed tomography/magnetic resonance (CT/MR). 
The scans were performed with a conventional ultrasound scan-
ner (UltraView 800, BK Medical, Herlev, Denmark) equipped with 
a research interface and an abdominal 3.5 MHz convex array 
transducer (Sound Technology Inc., Pennsylvania, US). The con-
ventional technique was dynamic receive focusing combined with 
tissue harmonic imaging (DRF-THI). Images from the same ana-
tomical part were recorded by SASB-THI and DRF-THI interleaved. 
One frame generated with SASB-THI followed one frame generat-
ed DRF-THI, giving almost simultaneously recorded images. Eight 
radiologists subsequently evaluated them in an image quality 
assessment program (IQap) that presented the images randomly 
side by side in real time. The imaging techniques were blinded to 
the evaluator. A visual analog scale (VAS) was placed at the bot-
tom of the IQap, where the evaluator could drag a bar to the 
image with the preferred quality (Fig. 9). All sequences were 
shown twice with a different right-left position. A total of 2,032 
evaluations were performed. For predicting the detection rate 
[sensitivity and specificity], the image sequences were shown 
separately where the evaluator could drag a bar to the bottom if 
he or she considered a tumor been present. The evaluation here 
was also performed in the IQap.  
 

 
Figure 9: In the image the IQap is presented. At the bottom is the VAS, where a bar is 
dragged to the image the evaluator prefers. In the right corner is a control bar, 
where the evaluator could choose to see single image frames or a full video.  

Results 
The radiologist’s evaluation showed no difference in preference 
between SASB-THI and DRF-THI in 63 percent of the evaluations. 
SASB-THI was favored in 16 percent of the ratings, while 21 per-
cent favored DRF-THI. The average rating for all radiologists was -
0.10 (95%CI: -0.47 to 0.26) and the statistical analysis gave a p-

value of 0.63. The inter-observer variability was poor with a kappa 
value of 0.0045, and the intra-observer variability for each radiol-
ogist showed slight agreement with a kappa value of 0.11. Sensi-
tivity and specificity for all rating radiologists is shown in Fig. 10. 
SASB-THI and DRF-THI performed similarly with regard to detec-
tion of focal malignant liver lesions (sensitivity: p=0.54, specificity: 
p=0.67). Inter-observer variability showed moderate agreement 
with a kappa value of 0.48 when rating image sequences were 
generated by SASB-THI, and fair agreement with a kappa value of 
0.37 for images generated with DRF-THI. 

 
Figure 10: SASB-THI and DRF-THI sensitivity and specificity is illustrated for each 
radiologist. 

MATERIALS, METHODS, AND RESULTS STUDY II 
Material and methods  
Nineteen patients with matured and functional arteriovenous 
fistulae were included in the study. Each patient was examined 
monthly over a six-month period with VFI and UDT. VFI meas-
urements were performed on a commercial ultrasound scanner 
(UltraView 800, BK Medical, Herlev, Denmark) equipped with a 
linear transducer (8670, 9MHz, BK Medical, Herlev, Denmark). All 
VFI measurements were performed before the UDT measure-
ment. Initial B-mode scans were performed for orientation. Three 
VFI recordings were performed with a longitudinal view at a 
position with laminar flow. For each recording, the color box was 
adjusted to cover the lumen of the arteriovenous fistula segment, 
and the pulse repetition frequency (PRF) was adjusted to the 
highest velocities without aliasing. To avoid blooming artifacts, 
wall filter and color gain were set to optimal filling of the vessel. 
Between each recording, the transducer was raised and reposi-
tioned to attain a new location. Along with the longitudinal VFI 
recording, an accompanying transverse B-mode recording was 
conducted. The transducer was not lifted between the longitudi-
nal and transverse recording to attain the same compression. 
With the transverse view, two perpendicular diameters for cross-
sectional area determination were measured. Diameters were 
measured with the built-in length gauge of the scanner, and 
performed from the superficial to the deep tunica intima and the 
corresponding mediolateral diameter. To calculate volume flow 
by VFI a rectangular region of at least 20 percent, the whole 
vessel segment was manually marked (Fig. 11). Calculation of the 
volume flow was based on integration of the vector-velocity 
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profile over the cross-sectional vessel area assuming laminar and 
axisymmetric flow profile. The algorithm was developed in-house 
[47]. UDT measurements were carried out with a Transonic HD03 
Flow-QC hemodialysis monitor (Transonic Systems Inc., Ithaca, 
NY, US) and performed according to vendor guidelines. According 
to daily clinical practice, three measurements were conducted 
with each technique (UDT and VFI) and the average of these 
results was considered the volume flow of each method. The first 
two measurements were furthermore used for precision analysis.  
 
 

 
Figure 11: The longitudinal arteriovenous fistula segment measured with VFI and the 
20 percent region marked for the volume flow calculation. In the right corner is an 
illustration of the corresponding transverse B-mode with diameter measurements.  

Results 
Average volume flow measured with UDT and VFI were 1,161 
ml/min (±778 ml/min) and 1,213 ml/min (±980 ml/min), respec-
tively (p = 0.3). Precision for VFI was 20 percent and the mean 
difference between the first and second measurement -29 
ml/min (95% CI: -78 ml/min to 20 ml/min). UDT precision was 32 
percent and mean difference between the first and second meas-
urement was 28 ml/min (95% CI: -61 ml/min to 118 ml/min). 
There was no statistical difference between precision for VFI and 
UDT (p = 0.33). The differences between UDT and VFI measure-
ments were analyzed in a Bland-Altman plot. Mean difference 
was -51 ml/min with LOA from -35 percent to 54 percent (mean 
44.5 percent). The expected LOA calculated based on the preci-
sion for each method was 37 percent. A strong correlation was 
found between the UDT and VFI with an R-squared value of 0.87. 
Volume flow changes were analyzed in a four-quadrant plot and 
with regression analysis. Inclination was 0.301 with a p-value of 
0.0001. The concordance rate increased from 54 percent to 72 
percent with an exclusion zone of 25 percent corresponding to 
the averaged precision of VFI and UDT and the threshold for 
referral to angiography (Fig. 12). 

 
Figure 12: This illustrates the four-quadrant plot of the differences. Each color 
characterizes a patient and indicates the volume-flow change between sessions. 

Including the exclusion zone (dotted-line box) of 25 percent the concordance rose 
from 0.54 to 0.72.   

MATERIALS, METHODS, AND RESULTS STUDY III 
Material and methods  
A conventional ultrasound scanner equipped with VFI (BK3000, 
BK ultrasound, Herlev, Denmark) and a 3 MHz convex probe (6C2, 
BK ultrasound, Herlev, Denmark) was used to obtain vector veloc-
ity data. For the flowrig validation, a flow system (CompuFlow 
1000, Shelley Medical Imaging Technologies, Toronto, Canada) 
circulating a blood-mimicking fluid (BMF-US, Shelley Medical 
Imaging Technologies, Toronto, Canada) in a closed loop circuit 
was used. The pump was set to velocities from 5-49 cm/s and the 
convex array was fixed to a distance of 70 mm from the vessel 
with a diameter of 8 mm. For the in-vivo validation, 32 healthy 
volunteers were scanned in two positions (intercostal and subcos-
tal). The intercostal view is preferred for velocity estimates since 
beam-to-flow angle of less than 70 degrees can be attained; a 
subcostal beam-to-flow angle of less than 70 degrees is not al-
ways possible to attain, thus giving unreliable velocity estimates 
with the conventional spectral Doppler. Since VFI is angle-
independent, the main portal vein peak velocities should be the 
same regardless of scan position. For both spectral Doppler and 
VFI, two velocity estimates were obtained at both the intercostal 
and subcostal view. Between each measurement, the transducer 
was raised and repositioned. For the intra- and inter-observer 
agreement assessment, 10 of the 32 healthy volunteers were 
rescanned by three physicians. All scans were again performed 
with an intercostal and subcostal view and blinded to the peak 
velocity estimation displayed on the scanner. VFI peak velocity 
was found as the maximum velocity over at approximately 100 
frames of VFI data for each measurement. Data corresponded to 
5-7 heartbeats. For spectral Doppler, the peak velocity was found 
with the standard Doppler setup for the scanner, and maximum 
velocity was found over 3-5 heartbeats (Fig. 13). 
 

 
Figure 13: On the left of the image, VFI peak velocity estimation is shown for one 
patient, while peak velocity estimation for the same patient is shown on the right 
side. Notice that velocities were estimated at the same depth for both methods. 

Results 
In the flowrig, VFI had a precision of 3 percent with a mean bias of 
0.33 cm/s. In-vivo, the precision for VFI was 18.1 percent at the 
intercostal view and 23.2 percent at the subcostal view, while the 
precision for spectral Doppler was 28.3 percent at the intercostal 
view and 76.8 percent at the subcostal view. Mean bias between 
VFI and spectral Doppler was 0.57 cm/s (p=0.38) for the inter-
costal view and 9.89 cm/s (p<0.001) for the subcostal view. VFI 
peak velocities obtained at the intercostal view were not signifi-
cantly different from spectral Doppler peak velocities (p=0.38). 
Intercostal and subcostal VFI peak velocities were not significantly 
different (p=0.78), while intercostal and subcostal spectral Dop-
pler values were significantly different (p<0.001) (Table 1). 
 



 DANISH MEDICAL JOURNAL   7 

 Mean and STD 
for VFI (cm/s) 

Mean and STD for 
spectral Doppler 
(cm/s) 

P-value 

Intercostal  20.09 / 3.19 20.66 / 3.77 0.38 
Subcostal 19.90 / 3.87 29.79 / 11.45 <0.001 
P-value 0.78 <0.001 - 
Table 1: Mean peak velocities and standard deviation (STD) for VFI and spectral 
Doppler and results from paired t-tests. 
 
 
Intra- and inter-observer agreement was higher for VFI with intra-
class correlation coefficients (ICC) being higher overall. ICC inter-
observer values for was VFI 0.80, and for spectral Doppler 0.37, 
while intra-observer ICC for VFI was 0.90, and for spectral Doppler 
0.86 (Table 2). 
 
 Interobserver agreement 

Intercostal view Subcostal view 

VFI 0.84 (95% CI: 0.53, 
0.96) 

0.78 (95% CI: 0.40, 
0.94) 

spectral Doppler 0.64 (95% CI: -0.027, 
0.90) 

0.27 (95% CI: -0.42, 
0.73) 

 Intraobserver agreement 

Intercostal view Subcostal view 

VFI Physician 1 0.93 (95% CI: 0.71, 
0.98) 

0.93 (95% CI: 0.73, 
0.98) 

VFI Physician 2 0.77 (95% CI: 0.17, 
0.94) 

0.95 (95% CI: 0.81, 
0.99) 

VFI Physician 3 0.92 (95% CI: 0.66, 
0.98) 

0.88 (95% CI: 0.47, 
0.97) 

spectral Doppler 
Physician 1 

0.85 (95% CI: 0.43, 
0.96) 

0.86 (95% CI: 0.41, 
0.96) 

spectral Doppler 
Physician 2 

0.74 (95% CI: -0.51, 
0.94) 

0.79 (95% CI: 0.12, 
0.95) 

spectral Doppler 
Physician 3 

0.60 (95% CI: -0.53, 
0.90) 

0.37 (95% CI: -0.57, 
0.85) 

Table 2: The table shows the inter- and intra-observer agreement for subcostal and 
intercostal view. Values are shown as interclass correlation coefficient (ICC) with 95 
percent confidence interval. 

DISCUSSION 
The new achievements of this thesis are: 
 

I. Radiologists rated the image quality and detection 
capability of focal liver lesions for SASB-THI to be equal 
to conventional imaging techniques. Consequently, it 
makes sense to exploit SASB’s data reduction advantage 
to develop a wireless transducer implemented on a 
commercial tablet (Study I).  

 
II. VFI has a higher precision for arteriovenous fistula 

volume flow determination and detects large in-
between session changes similar to the reference 
method. VFI may therefore be regarded as an 

alternative method for arteriovenous fistula volume 
flow surveillance for hemodialysis (Study II). 

 
III. The convex array VFI implementation for abdominal 

studies offers a higher precision than spectral Doppler 
for peak velocity estimation regardless of the portal 
vein insonation window. Furthermore, VFI can estimate 
the same peak velocity in the main portal vein with an 
insonation angle inapplicable for spectral Doppler. 
Intra- and inter-observer agreements are higher for VFI 
than for spectral Doppler for portal vein peak velocity 
estimation (Study III).  

CLINICAL EVALUATION OF SASB-THI  
B-mode side-by-side comparison studies 
B-mode image side-by-side comparison studies are performed for 
new against established imaging techniques. Data is collected 
before the evaluation and the subsequent evaluation is often 
performed with a software application (e.g., IQap) created for the 
purpose [13]. The evaluators are instructed to assess the image 
quality and provide a diagnosis. For a fair comparison, the evalua-
tors are usually blinded to technical information about the ultra-
sound technique that created the B-mode image [13].  
For the data collection to be applicable for a side-by-side compar-
ison, data from both techniques should be recorded as simulta-
neously as possible. However, for several side-by-side compari-
sons, data are collected with consecutive recording [57-65]. Even 
though the same position is held with the transducer while ob-
taining data, and the patient is lying still, a similar image can 
never be attained with consecutive data collection. Furthermore, 
the comparisons are often performed with still images, which 
does not resemble daily clinical practice as an ultrasound exami-
nation is an dynamic procedure [57-65]. Having still images re-
duces the clinical information and may reduce the value of the 
evaluation.  
Our study was performed with interleaved recording of data 
given almost simultaneously obtained data. Moreover, during the 
evaluation, video sequences were shown to attain a more realistic 
comparison, without losing clinical information.  

THI in clinical imaging 
THI improves B-mode image spatial and contrast resolution, and 
deliver fewer artifacts [18]. For certain patient groups diagnostic 
information is increased, as THI displays pathology with greater 
clarity than a conventional B-mode image. For liver imaging, 
hepatic lesion visibility and characterization is improved, and a 
better confidence in diagnosis is provided [57, 58, 60], and focal 
lesions in patients with cirrhosis are detected with higher certain-
ty [62]. The same is the case for renal imaging, as the detection 
rate of focal lesions, for example, renal cell carcinoma, cysts, or 
kidney stones, is improved due to an improved overall image 
quality, lesion conspicuousness, and fluid-solid differentiation 
[65]. In breast imaging, characterization and lesion detection is 
likewise improved [64], and THI is suggested for a better carotid 
plaque evaluation characterization [64]. Thus, THI has been 
shown to improve daily clinical practice and diagnostic accuracy. 
Therefore, combining SASB and THI was suggested to improve the 
former’s performance [14-17].  

Side-by-side comparison studies performed with SA and SASB 
SA or SASB have not yet had any impact on clinical practice and 
diagnosis, since few studies evaluated them in side-by-side com-
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parisons. Two studies by Kim et al. and Kim et al. evaluated SA as 
a technique for breast lesion imaging, where RF data were ac-
quired with a conventional scanner equipped with a research 
package. The first study evaluated the clinical performance in a 
combined phantom and in-vivo study against a conventional 
technique. Two radiologists evaluated the B-mode images of 
breast tumors in 10 patients. Overall, SA was found to have an 
improved conspicuity, margin sharpness, contrast, and better 
resolution of the deeper underlying tissue. Diagnostic accuracy 
was similar with the two techniques [61]. The other study was a 
larger side-by-side comparison with 24 patients and a total of 31 
breast lesions (16 malignant and 15 benign). SA was likewise 
found superior. Three experienced radiologists preferred SA 
image quality instead of the conventional technique [59].  
Hemmsen et al. evaluated SASB image quality in a side-by-side 
comparison against a conventional technique, where the livers of 
healthy volunteers were scanned. The two evaluating radiologists 
found the joint image quality to be equal [66, 67]. In a study by 
Hansen et al. on SASB image quality, five radiologists evaluated 
117 image sequences from patients with liver tumors. SASB was 
favored over the conventional technique; however, the result was 
not significant (p=0.18) [13].  
Overall, SA and SASB B-mode imaging shows promising results, 
since radiologists prefer these techniques; however, the methods 
have not managed to improve diagnostic capabilities, even 
though a higher resolution and improved penetration depth are 
achieved [10].  
The image quality of the combination between THI and SASB was 
pursued in study I, since both techniques’ advantages could be 
exploited. SASB-THI was evaluated in a preliminary side-by-side 
comparison against a conventional technique. The liver of healthy 
volunteers was scanned and the combination of SASB-THI 
equaled the conventional technique [68]. The result was the same 
in our study, where liver tumors were scanned. Besides image 
quality evaluation, diagnostic accuracy was evaluated, with sensi-
tivity [50-76 percent] and specificity [60-96 percent] for diagnosis 
of focal liver lesion with unenhanced B-mode imaging being simi-
lar to previous studies [69-71]. The results indicate that SASB-THI 
is capable of clinical liver scanning. 

Clinical implications and future perspectives  
With SA, a higher frame rate and resolution, and improved pene-
tration, can be achieved compared to a conventional B-mode 
[10], while SASB allows a synthetic aperture technique to be 
implemented on a system with restricted capacity [72]. The com-
bination of SASB-THI performs similarly with regard to image 
quality and pathology detection to a conventional technique for 
liver imaging; however, SASB’s data reduction advantage can be 
used to produce a wireless transducer system with safe and relia-
ble real-time transmission [12]. Wireless transducers improve 
freedom of movement and help maintain sterile conditions or 
simplify ultrasound-guided interventions and perioperative scan-
ning [73]. This reduction does not lower the quality of the diagno-
sis, and allows the option of implementation on a hand-held 
tablet [12]. The combination of a wireless transducer with a rela-
tively inexpensive commercial tablet would spread the use of 
ultrasound to less developed countries, as well as into emergency 
rooms and ambulances. Hand-held devices have moreover prov-
en to be useful in numerous clinical conditions [74-76] and have 
been termed the real stethoscope [77].  
A major challenge with the spread of ultrasound is the lack of 
user training and education. With a safe and reliable real-time 

transmission as demonstrated with SASB [12], an experienced 
user could assist a novice in acquiring and interpreting images by 
telesonography [78], which has already been studied in less tradi-
tional places such as patient transportation [79] and military 
operations [80]. The development and implementation of SASB 
and SASB-THI will be exciting to follow.  

Limitations 
Our experimental setup only allowed data collection with a navi-
gational image from the first stage beamforming with a low frame 
rate and a poor image quality. The final data selection was per-
formed after second stage beamforming in a blinded setup. 
Though this reduces the quality of the study, it is only minor as 
the selection was performed blinded. However, future data col-
lection with SASB and SASB-THI should be performed with a real-
time, second-stage beamforming. Moreover, a higher frame rate 
and approving algorithm [for example, speckle reduction filter] 
would have improved the quality. Comparison in more than one 
organ and with different pathologies would have further im-
proved this study.  

SURVEILLANCE OF ARTERIOVENOUS FISTULA FOR HEMODIALYSIS 
WITH VFI 
Arteriovenous fistula surveillance 
The arteriovenous fistula for hemodialysis is a surgically created 
connection between an artery and vein. The preferred connection 
is between the cephalic vein and radial artery, and it is the favor-
ite vascular access for hemodialysis in end-stage renal disease 
[81, 82]. After creation, a rapid flow into the venous system gives 
a low-resistance circuit with highly increased blood flow, leading 
to vein dilation and vessel-wall thickening, which is ideal for re-
peated punctures and hemodialyses [81]. However, two-thirds of 
arteriovenous fistulae will develop varying degree of stenosis 
after 18 months [81, 83]. Stenosis may lead to thrombosis and 
access failure [81, 84]. The National Kidney Foundation Kidney 
Disease Outcomes Quality Initiative (NKF KDOQI) has recom-
mended monitoring patients with arteriovenous fistulae for many 
years [82], stating that it should be performed with regular vol-
ume flow measurements to detect stenosis. Despite this recom-
mendation, there is an ongoing discussion on the need for regular 
monitoring [85-87]. Paulson et al. called the surveillance program 
of hemodialysis access a false paradigm based on low evidence 
[88], and Allon and Ribbon stated that none of the non-invasive 
surveillance tests available [clinical monitoring, UDT, and spectral 
Doppler] consistently can distinguish between vascular accesses 
destined to clot or remain patent [89]. However, the recommen-
dations about regular monitoring still apply [82]. 

Methods for volume flow surveillance 
UDT is considered the reference method for volume flow surveil-
lance and is used commonly in comparison studies [49, 84, 90, 
91]. The method is fairly simple and dialysis staff can be more 
easily trained [52] than with ultrasound [92]. However, UDT has 
variations in volume flow up to 30 percent caused by constant 
changes in mean arterial pressure, central venous pressure, and 
vascular resistance of the access circuit during each dialysis ses-
sion, as well as insufficient mixing of the diluting agent (saline) in 
the blood [85, 90, 93].  
Spectral Doppler can also be used for volume flow surveillance, 
but is unreliable due to operator and angle dependencies [30, 94]. 
Zanen et al. have reported that spectral Doppler overestimates 
volume flow with a bias of 1,129 ml/min between spectral Dop-
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pler [average 1,958 ml/min] and UDT [average 752 ml/min] [95], 
while Schwarz et al. reported spectral Doppler underestimation of 
30 percent compared to UDT [91]. When scanning an arteriove-
nous fistula, the vessel is easily compressed, creating turbulent 
flow, which affects the velocity estimation with spectral Doppler 
and may account for varying results [96].  
Magnetic resonance angiography (MRA) is another method for 
volume flow surveillance. Bosman et al. compared UDT to MRA in 
hemodialysis grafts and found a good correlation (R = 0.91) [97]. 
However, MRA is cumbersome for the patient, time consuming, 
expensive, and not as available as ultrasound or UDT.  

VFI for volume flow surveillance 
Hansen et al. established VFI’s ability to estimate volume flow in 
arteriovenous fistulas for hemodialysis, but found an underesti-
mation compared to UDT of 30 percent [44]. This study found no 
underestimation, probably because the three sources of error 
described by Jensen et al. were considered in the estimation 
algorithm [47, 48].  
The volume flow change between sessions was also considered in 
our study, since it often is more important than the actual estima-
tion within a single dialysis session when identifying a stenosis. A 
drop of more than 25 percent may indicate stenosis and is used 
as advice for referral to angiography [82]. UDT may not be the 
best method to determine the drop in volume flow, since the 
measurements are performed with the dialysis needles in place. 
Huisman et al. reported that a different needle position could 
result in a between-session variation of up to 23.5 percent in 
radiocephalic fistulas [90]. VFI predicted large (greater than 25 
percent) between-session changes in volume flow similar to UDT; 
furthermore, VFI precision (20 percent) was better compared to 
UDT (32 percent). This may indicate that VFI can estimate volume 
flow with more accuracy.  
An emergent thrombosis evaluated with VFI was not included in 
our study, as angioplasty data were not considered. However, VFI 
was more precise, which may indicate that it can predict stenosis 
with more certainty. With VFI, flow characteristics can easily be 
determined in real time, and a part of the vessel with laminar 
flow can be identified. A laminar flow profile is ideal for volume 
flow calculation by 2D vector-flow maps of VFI [27]. Furthermore, 
VFI can visualize the complexity of blood flow in a manner not 
possible with conventional spectral Doppler and UDT [43, 98]. The 
flow pattern may be a new factor that should be considered when 
predicting imminent stenosis in arteriovenous fistulas.  
Opposed to UDT, VFI adds the option of a B-mode image. A B-
mode gives detailed information about the morphology of the 
arteriovenous fistulae and other abnormalities such as hemato-
mas, aneurysms, and intraluminal thrombi, which should be 
treated and monitored to keep the hemodialysis access patent 
[22, 84]. Furthermore, the B-mode can be used for the construc-
tion planning of the arteriovenous fistula, for monitoring the 
maturation and identifying complications, which adds to the 
argument of educating the dialysis staff in using ultrasound [99].  

Comparison analysis  
UDT and VFI were compared and analyzed with Bland-Altman 
plots [53]; however, Crichtley et al. argued for precision should be 
calculated for each method before comparison [54]. By determin-
ing the precision beforehand, an excepted LOA could be calculat-
ed; the equation for precision P is given as: 

 

where n is the number of patients, a and b are the two measure-
ments, and 

 

x  is the average value. Given a precision of ± 20 
percent for each method, the excepted LOA would be 28.3 per-
cent using the equation for the expected LOA as follows: 
  

  

 
where P is the precision for each method x and y. Consequently, a 
percentage error of up to ± 30 percent of the LOA for the Bland-
Altman plot should be accepted, as this is caused by the inaccura-
cy for each method. Expected LOA was 37 percent between UDT 
and VFI, and therefore higher than the suggested 30 percent. 
Furthermore, LOA for the Bland-Altman was higher (44.5 percent) 
than the excepted LOA, proving that UDT and VFI cannot be con-
sidered interchangeable. However, VFI precision [20 percent] was 
better compared to UDT (32 percent), indicating that the differ-
ence is caused by the inaccuracy found for UDT.   

Clinical implications 
A major advantage of VFI is fewer operator-dependent settings. 
Compared with spectral Doppler, where a beam-to-flow angle of 
less than 70 degrees is needed, VFI can be positioned on the 
arteriovenous fistula without considering the angle. This means 
that the operator does not have to angle the transducer, and the 
likelihood of compressing the arteriovenous fistula and changing 
the flow pattern is less. Furthermore, the operator does not have 
to place the range gate and to correct the angle according to flow 
direction. With VFI, flow is obtained over the whole vessel, and a 
laminar segment can easily be determined.  

Limitations 
One limitation was that only arteriovenous fistulas were studied. 
These are the preferred vascular access choice, but arteriovenous 
graft is the next option [82]. Approximately one-third of patients 
requiring a vascular access receive a graft [100]; hence, the im-
pact of this study would be higher if grafts had been included. 
Furthermore, commercially available real-time volume flow esti-
mation is still lacking; future development should focus on a user-
friendly estimation scheme for use in clinical everyday life.  

COMPARISON OF PORTAL VEIN VELOCITY OBTAINED BY VECTOR 
FLOW IMAGING AND SPECTRAL DOPPLER  
Portal Vein and Spectral Doppler 
Among the ultrasound parameters assessed on patients with 
chronic liver disease is portal vein velocity and flow direction, as 
portal hypertension can lead to a reduced peak velocity and in 
advanced stages reversed flow [101, 102]. Complications to portal 
hypertension [for example, ascites, esophageal and gastric vari-
ces, and splenomegaly] can be fatal [103] and spectral-Doppler-
measured changes can indicate development [104, 105]. Doppler 
ultrasound should be repeated every time a new clinical event 
occurs to rule out portal vein thrombosis and hepatocellular 
carcinoma, which frequently exacerbate portal hypertension and 
clinical decompensation [106]. Portal vein flow and velocity 
changes are well correlated with staging of liver cirrhosis and 
development of portal hypertension [107]. The preferred scan 
position for portal vein velocity estimation with spectral Doppler 
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is the intercostal view, as a beam-to-flow angle of less than 70 
degrees can be achieved for all patients [106]. With a subcostal 
view, the main portal vein can easily be visualized, but the beam-
to-flow angle is often greater than 70 degrees, thus giving less 
precise spectral Doppler estimates (Fig. 14). Furthermore, the 
poor inter-oberserver agreement with spectral Doppler causes 
measurement errors [33, 34].  
 

 
Figure 14: The intercostal view of the mean portal vein is shown on the left side, 
while the subcostal view is shown on the right side.  

Previous comparison studies 
Spectral Doppler overestimation of velocities is well known [30, 
108, 109]. Tortoli et al. showed that spectral Doppler overesti-
mates the velocities in the common carotid artery and internal 
carotid artery by 27 percent to 43 percent, as compared to an 
angle-tracking vector Doppler method and a plane wave vector 
Doppler method [110]. Pedersen et al. showed spectral Doppler 
overestimation in the common carotid artery velocity by 6.9 cm/s 
compared to TO [42]. The operator-dependent manual angle 
correction and adjustment of sample volume have a great impact 
on the overestimation [94]. The operator manually sets the cursor 
parallel to the vessel wall as it is assumed that the flow is laminar. 
The estimated angle is used in relation to the equation stated 
below to determine the velocity: 
 
 v = vz / cos θ  
  
where v is the true velocity, vz is the axial velocity, and θ is the 
angle of insonation. The assumption that the flow is laminar may 
not be true, as well as that a single angle is involved [110]. This 
may be the main reason for spectral Doppler errors in velocity 
estimation [111, 112]. Furthermore, the error of the velocity 
estimation becomes bigger with increasing beam-to-flow angles 
mainly caused by the spectral broadening effect [108, 113].  
Ekroll et al. suggested a solution to operator dependencies for 
spectral Doppler by combining B-mode, spectral Doppler, and 
vector flow using plane wave imaging and obtaining automatic 
vector and Doppler simultaneously [114]. This approach has 
potential since manual placement of the sample volume would be 
facilitated, thus improving the inter-observer variability. VFI has 
the same advantages, and inter-observer variability was improved 
compared to spectral Doppler in study III. The far fewer adjust-
ments needed for VFI may be the reason for the better inter-
observer agreement as compared to spectral Doppler.  
A previous commercial linear array VFI implementation has 
shown a systematic underestimation of 10-14 percent on a flow-
rig [39, 55], while the convex array VFI implementation evaluated 
in this study showed no underestimation compared to a flowrig. 
The VFI underestimation for the linear array is caused by the 
estimation algorithm [115], the PRF settings [116], and an inade-
quate temporal resolution [42]. This seems to be solved for the 
convex array VFI implementation as described by Jensen et al. 
[115].   

Clinical implications 
Patients suffering from chronic liver disease may benefit from the 
convex array VFI implementation, as correct estimates can be 
obtained regardless of the insonation window. Performing meas-
urements with spectral Doppler using an intercostal view is rec-
ommended since the insonation angle is close to zero degrees 
[106]. Even though errors with spectral Doppler velocity esti-
mates are well established, it is accepted as a useful method for 
portal peak velocity estimation and diagnosis of portal hyperten-
sion [20, 117]. With VFI, the portal blood flow examination of 
these patients could be more reliable, and sensitivity and specific-
ity for portal hypertension diagnosis may even be higher. Fur-
thermore, for the evaluation of patients with altered portal vein 
positions due to liver surgery or liver transplantation, the exami-
nation would be easier, as any scan position can be applied with-
out hampering the velocity estimates.  

Limitations 
Some limitations with VFI must be mentioned. We found 95 mm 
to be the maximum scan depth. Patients are often more obese 
than healthy volunteers, and with a growing obesity problem in 
modern societies, development of VFI in terms of penetration is 
still needed. Nine percent of the healthy volunteers (n=3) were 
excluded due to this limitation, while estimates could be achieved 
with spectral Doppler for those patients. Thus, at the moment, 
VFI should be regarded as a supplement to the spectral Doppler 
examination. Furthermore, no real-time estimate of peak velocity 
is given with VFI. A commercially available, real-time, user-
friendly estimation scheme is warranted. A system where the 
operator could indicate in which area of the vessel information of 
velocities should be estimated as with a spectral Doppler range 
gate will improve the usability.  

CONCLUSION  
The overall aim of this thesis was to clinically evaluate new ultra-
sound methods concerning B-mode and blood flow imaging. CFU 
has the expertise in developing ultrasound techniques, while RAD 
has the clinical understanding. The collaboration between CFU 
and RAD gives unique conditions for developing the use of ultra-
sound. 
In the first study, we concluded that the combination of SASB and 
THI gives image quality and diagnostic accuracy equal to conven-
tional imaging techniques combined with THI. The advantage of 
SASB data reduction can be used for development of a wireless 
transducer capable of working on a hand-held tablet. Further-
more, the image evaluation program must be acknowledged. The 
programme enables evaluation of dynamic image sequence ob-
tained simultaneously, which is unique for the image quality 
program developed by CFU.   
In the second study, we concluded that VFI could be used for 
volume flow surveillance in arteriovenous fistulas for hemodialy-
sis. Volume flow estimates were not significantly different from 
values obtained with the reference method; nevertheless, while 
VFI was more precise, but not interchangeable with the reference 
method. For large volume flow changes in between hemodialysis 
sessions, VFI was in concordance with the reference method. A 
user-friendly, real-time estimation scheme for commercial use is 
still lacking. We advocate for the use of VFI for hemodialysis 
access surveillance.  
In the third study, we concluded that VFI can obtain similar peak 
velocities as spectral Doppler in the main portal vein. Further-
more, we concluded that VFI had a better precision and could 
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estimate equal peak velocities with a view, which was inapplica-
ble for spectral Doppler. Intra-and inter-observer agreement was 
for the first time evaluated for VFI and found better than for 
spectral Doppler. Results of future studies, where VFI peak veloci-
ty is estimated on patients with chronic liver disease, are definite-
ly exciting, as VFI may heighten the diagnosis for portal hyperten-
sion as the diagnosis can be set with more certainty. The convex 
implementation of VFI may benefit patients and help healthcare 
workers in the assessment of abdominal vessel pathology.  

PERSPECTIVES 
Several potential clinical studies can be performed with both 
SASB-THI and VFI.  
 
SASB-THI: 
A study concerning SASB-THI image quality and diagnostic accura-
cy for more than one organ and different pathologies.  
In our study, the evaluators found SASB-THI to be equally effec-
tive in liver imaging as the reference method. SASB-THI could 
improve diagnosis in several clinical cases as a better resolution 
and contrast is provided over the conventional technique. A study 
concerning several pathologies would therefore be beneficial. 
 
A user experience study with a completed wireless transducer 
based on SASB-THI. 
This study could reveal the advantages of a wireless transducer. 
Several clinical conductions could be facilitated.  
 
VFI: 
A large multicenter study where VFI is used for volume flow sur-
veillance in arteriovenous fistulas by several users and dialysis 
centers.  
VFI has the potential of replacing the reference method due to its 
higher precision. This study would reveal these advantages and 
change the way we manage patients with arteriovenous fistulas.  
 
A comparison study, where MRA-obtained volume flow is com-
pared to VFI estimates in arteriovenous fistulas and arteriovenous 
graft.  
VFI has the potential to work in grafts as well. Furthermore, com-
parison to MRA would give a clearer indication of VFI ability to 
estimate volume flow in arteriovenous fistulas. 
 
A study comparing percutaneous transluminal angioplasty data to 
VFI data to determine whether VFI can identify hemodynamic 
significant stenosis correctly. 
VFI could be a more reliable method to determine stenosis due to 
higher precision.  
 
A study evaluating whether vector concentration for VFI can 
predict arteriovenous fistula stenosis.  
VFI can differentiate flow characteristics and this may be a new 
factor to determine upcoming stenosis.  
 
A study validating the convex array VFI implementation on pa-
tients with varying degree of portal hypertension. 
Since VFI has a higher precision than spectral Doppler for portal 
vein peak velocity estimation, the portal hypertension diagnosis 
can potentially be set with higher certainty.  
 

A study concerning velocity estimation of other abdominal vessel 
were the angle independency would be an advantage (a. renalis, 
truncus coeliacus, a. mesenteria superior). 
VFI could potentially improve diagnosis and give new insights to 
flow dynamics for abdominal vessel pathology.  
 
LIST OF ABBREVATIONS 
CFU: Center of Fast Ultrasound Imaging 
RAD: Department of Radiology at Copenhagen University Hospital 
[Rigshospitalet] 
B-mode: Brightness mode 
TO: Transverse Oscillation 
VFI: Vector Flow Imaging 
SASB-THI: Synthetic Aperture Sequential Beamforming - Tissue 
Harmonic Imaging 
SASB: Synthetic Aperture Sequential Beamforming 
THI: Tissue Harmonic Imaging 
SA: Synthetic Aperture 
UDT: Ultrasound Dilution Technique 
CT: Computed Tomography 
MR: Magnetic Resonance 
DRF-THI: Dynamic Receive Focusing - Tissue Harmonic Imaging  
LOA: Limit of Agreement   
STD: Standard deviation 
IQap: Image Quality assessment program  
VAS: Visual Analog Scale 
LOA: Limit of Agreement   
STD: Standard deviation 
ICC: Intra-class Correlation Coefficients  
MRA: Magnetic resonance angiography  
 
SUMMARY 
This Ph.D. project is based on a longstanding collaboration be-
tween physicists and engineers from the Center of Fast Ultra-
sound Imaging (CFU) at the Technical University of Denmark and 
medical doctors from the department of Radiology at Rigshospita-
let. The intent of this cooperation is to validate new ultrasonic 
methods for future clinical use. 
Study I compares two B-mode ultrasound methods: the new 
experimental technique Synthetic Aperture Sequential Beam-
forming combined with Tissue Harmonic Imaging (SASB-THI), and 
a conventional technique combined with THI. While SASB reduces 
the amount of data transformation, thus enabling wireless trans-
mission, THI can improve resolution and image contrast, and 
creates fewer artifacts. Thirty-one patients with verified liver 
tumors were scanned and recordings with and without visible 
pathology were performed. Subsequently, eight radiologists 
evaluated blinded to information about the technique, which B-
mode images they preferred, as well as detection of pathology. 
Evaluation showed that the techniques were preferred equally 
and tumor could be detected equally well. 
Study II deals with the ability of vector flow imaging (VFI) to moni-
tor patients with arteriovenous fistulas for hemodialysis for up-
coming stenosis. VFI is an angle-independent method for deter-
mining blood flow direction and velocity. Volume can be 
determined by integrating the velocity profile multiplied by the 
cross-sectional area. Nineteen patients were monitored monthly 
over a period of six months, and VFI estimates were compared 
with the reference ultrasound dilution technique (UDT). VFI vol-
ume flow values were not significantly different from UDT and 
had a better precision. Concordance between VFI and UDT was 
high when large volume flow changes (greater than 25%) oc-
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curred between dialysis sessions. However, the methods could 
not be regarded as interchangeable. 
Study III deals with VFI’s ability to determine peak velocity in the 
portal vein. The commonly used ultrasound method for this is 
spectral Doppler, which is known to overestimate peak velocity 
when the angle between the blood vessel and the beam is more 
than 70 degrees; this overestimation becomes even larger when 
the angle becomes larger. VFI can determine the peak velocity 
angle independently. Thirty-two healthy volunteers were scanned 
with spectral Doppler and VFI with two portal vein scan positions 
(intercostal and subcostal). The study showed that VFI estimates 
the same peak velocity as spectral Doppler. Furthermore, VFI has 
better precision and can estimate the same peak velocity with a 
scan position, where spectral Doppler cannot. Finally, inter- and 
intra-observer agreement is higher for VFI. 
All three studies indicate that the techniques can be used in the 
clinic and probably will be part of everyday practice in the near 
future. 
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