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Introduction: 

Ultrasound has been widely used as a clinical non-invasive tool in calculations 

of stroke volumes and thus cardiac output (CO) [1], regurgitant fractions [2], 

shunts [3] and for estimations of the flow area in aortic stenosis using the 

equation of continuity [4]. 

Doppler echocardiography has been applied to volumetric flow measurements 

at the tricuspid valve orifice [5], pulmonary artery [6], mitral annulus [7], mitral 

valve orifice [8], left ventricular outflow tract (LVOT) [1], aortic valve orifice and 

ascending aorta [9-11]. 
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In all methods in which a single Doppler sample volume has been used to 

measure the velocity time integral (VTI), one basic assumption was made: The 

blood flow velocity profile was flat [1]. This meant that any random sample in 

the flow area was representative of the entire cross sectional flow area. A 

number of studies have shown that this was not the case. A skewed velocity 

profile has been described in the aortic annulus and distal LVOT [12-17], the 

aortic root and ascendens [18-21], the mitral annulus and at the tip of the mitral 

leaflets [22-27,28] and in the pulmonary artery [29]. 

In aortic flow, a commonly used volumetric method has been to combine 

measurements of the area of the aortic annulus with pulsed wave (PW) Doppler 

recordings of the velocity time integral in the distal LVOT [1 ](2D PW Doppler 

method). In echocardiographic examinations of patients suffering from atrial 

fibrillation, VTI from 5-10 heart cycles were averaged to compensate for 

variations in stroke volumes [1]. If the profile is skewed, and the skew changes 

from stroke to stroke in an unpredictable manner, another uncertainty and 



limitation is introduced in the pulsed wave Doppler technique. A skew in the 

velocity profile in these patients as well as beat-to-beat changes in the velocity 

profile has not been described previously. 

Variation in flow area was another difficulty. The 2D PW Doppler method 

assumed a specific geometry shape that did not vary during the heart cycle [1, 

9]. The shape and motion of the mitral valves during the biphasic flow in 

diastole represented a particular challenge. 
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The angle dependence of the Doppler beam [30] hampered the method. 

Alignment between the Doppler beam and flow in the LVOT may be difficult with 

underestimation of flow velocities as a possible consequence. One approach to 

compensate for this was to detect the highest velocities and use these in the 

measurement of VTI. 

Blood flow measured by Doppler gives velocities relative to the ultrasonic 

probe. In order to get correct velocity values, representing the flow through the 

valve, the movement of the valve plane should be taken into account [31-33]. 

The missing volume, due to the aortic annulus movement during systole, was 

not added to the conventional 2D PW Doppler method. Similarly, the relative 

velocity of mitral blood flow is the sum of the blood flow velocity and the rate of 

mitral annulus recoil toward the atrium. As the mitral annulus moves in the 

opposite direction of inflow the inflow will be underestimated using a fixed 

measure surface. 

Several methods have been proposed to deal with some of these issues. The 

Automated Cardiac Output Method (ACM) introduced a method less sensitive to 

the variations in the blood flow velocity profile and the angle dependency of the 
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Doppler beam [34, 35]. Volumetric flow can be measured independently of the 

angle between the ultrasound beam and blood flow by integration of velocity 

vectors perpendicular to a surface [36, 37]. This principle has been applied to 

one- [34], two- [36] and multiplane methods [32, 38]. However, the multiplane 

method were limited by long acquisition time and the fact that the rotational 

probe must be kept stable during the recording to avoid geometrical artefacts in 

the reconstruction of 3D volumes. 

Both Doppler colour flow and MRI studies have been conducted to illuminate 

the uncertainty regarding the blood flow velocity distribution in aortic and mitral 

flow. However, recordings from only one or two cross sectional planes were 

limitations to the ultrasound colour flow studies [12, 14, 23]. Magnetic 

Resonance Imaging (MRI) techniques have also been described, but these 

techniques were limited by costs, immobile equipment, long acquisition time, 

limited temporal resolution, fixed measure volumes as well as contraindications 

to the procedure [17, 28, 39]. 

Due to the methodological difficulties mentioned above, the following projects 

were initiated: 

Aims of the study: 

To develop a new 2D colour flow method to evaluate the instantaneous 

cross sectional velocity profile variability in the left ventricular outlet tract of 

patients with atrial fibrillation. This was not possible in 3D, as data from a 

number of heart cycles of regular R-R interval lengths were required for the 

construction of 3D volumes. 



To develop a 3D ultrasound method with short acquisition time, improved 

temporal resolution, no angle dependency of the Doppler beam, no 

assumptions of the velocity profile or flow area and where flow velocities 

were corrected for the movement of the valve plane. 
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- To validate this freehand 3D color flow method in calculations of CO in mitral 

and aortic flow. 

To study the blood flow velocity distributions in mitral and aortic blood flow 

by using the new 3D ultrasound method. By using a single sample volume in 

Doppler measurements of the VTI, potential errors may be introduced in 

calculations of stroke volumes. We wanted to assess this error. 

Subjects and Methods: 

Subjects: 

All subjects gave informed consent to participate in the studies. The institutional 

committee on human research approved the studies that were in accordance 

with the Helsinki declaration. 

In paper I, nine patients with fibrillation and no significant heart valve disease or 

other structural heart disease were consecutively included before elective DC 

cardioversion at the department of cardiology, University hospital of Trondheim, 

Norway. 7 men and 2 women of mean age 62 (range 41 to 75) were included. 

In paper II, one male subject was used to exemplify the potential of the 3D 

method. 
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In paper 111-V, the same subjects were studied. Recordings from 24 subjects, 16 

men and 8 women with no history of cardiac disease were acquired prior to 

evaluation of the 3D reconstruction. All were in sinus rhythm. Median age was 

26,5 (range19-48). In paper Ill, 18 subjects were included in method A and C. In 

method B, 17 subjects were included. Calculations of CO in 19 subjects were 

included in the comparison between 3D mitral flow vs. flow in the LVOT 

measured by 2DPW Doppler. In the comparison between 3D mitral vs. 3D aortic 

flow 15 subjects were included. In paper IV 19 subjects where included, and in 

paper V 17 subjects were included 

Equipment: 

A digital ultrasonographic scanner (System Five, GE Vingmed Ultrasound, 

Horten, Norway) with a 2.5 MHz phased array transducer was used for all 

echocardiographic measurements. Recordings of tissue images were obtained 

by second harmonic imaging mode with a transducer transmit frequency of 1.7 

MHz. For colour flow imaging the centre frequency of the transmitted pulse was 

2.5 MHz. In paper 11-V, a magnetic locating device (Flock of Birds, Ascension 

Technology Corporation, Burlington, VT, USA) continuously recorded the spatial 

position and orientation of the transducer during the recording. Digital raw 

ultrasound data were transferred to an external standard personal computer, 

and scan conversion and further processing were performed with a prototype 

version of the EchoPAC-3D software (GE Vingmed Ultrasound, Horten, 

Norway) and MATLAB (The Mathworks inc. USA). In paper I, all post 

processing were done in MATLAB. 
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Data acquisition: 

In paper I, a prototype data acquisition technique was used that gave increased 

frame rate (~90 frames/s). Three subsequent heartbeats with different R-R 

interval lengths in the Electrocardiogram (ECG) were recorded in apical five

chamber view and apical long axis view. The sector angle was set to a 

minimum and the region of interest (ROI) minimised, but large enough to cover 

the flow region, to obtain as high frame rates as possible. In paper 11-V, the 

transducer was tilted in a fanlike manner from the posterior wall toward the 

anterior or vice versa during 10-20 cardiac cycles to cover the entire flow area. 

For each frame, the sensor position co-ordinates, the digital ultrasound data 

and the ECG signal were stored in the digital replay memory. 

Data processing. 

In paper I, a line was drawn across the distal LVOT. Angle corrected blood flow 

velocities perpendicular to this line were plotted as a function of time and 

visualised as colour M mode. Aliased velocities were baseline shifted. The 

instantaneous cross sectional velocity profile was reconstructed by plotting 

blood flow velocities against time and position along the diameter of LVOT. 

Further, any skew was described as the ratio of the maximum velocity to the 

mean at peak flow. The ratio of the maximum VTI to the mean VTI was 

calculated. Further, the position of the maximum velocity and the maximum VTI 

along the cross sectional line was noted. Finally we calculated the part of the 

line crossing the LVOT in which values between maximum VTI and maximum 
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VTI -20% were detected. Two subsequent heart cycles of different R-R interval 

lengths were compared. 

In paper 11-V, frames with the same temporal delays relative to the R-wave in 

the ECG signal were used to reconstruct 3D volumes throughout the cardiac 

cycle (Figure 1). Blood flow velocity vectors perpendicular to a surface, and thus 

aligned with the ultrasound beam, were extracted from the 3D data and 

reconstructed in 2D slices. In paper Ill (method A and B), the level was fixed at 

a constant depth throughout systole, i.e. at the level of the septal insertion of the 

aortic valve identified in start systole in method A and 0.5 em proximal to the 

annulus in method B. In paper II, Ill (method C) and V the surface tracked the 

annulus throughout the systole. In paper III-IV the surface was positioned at the 

mid-level of the medial part of the mitral valve, i.e. approximately 1 em proximal 

to the mitral ring, and tracked the mitral valve plane throughout diastole. The E 

and A wave in mitral blood flow were treated separately. The velocity of the 

movement of the AV plane was calculated and added to the blood flow 

velocities. In this way we compensated for the possible underestimation of 

blood flow velocities due to the movement of the AV valve pane. 

In the 2D slice, a region of interest was manually defined to exclude velocities 

from nearby flow or structures. The tissue and Doppler signals were filtered, 

and aliased blood flow velocities baseline shifted according to Berg et al [33]. 

The velocity vectors in the ROI were integrated over time giving the total blood 

flow in paper II and Ill. By spatial integration of the flow velocity component over 

a surface perpendicular to the ultrasound beam, angle independence of the 

Doppler beam was achieved. A larger flow area compensated the 
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underestimation of the Doppler derived blood flow velocities. In paper IV and V 

the ratio maximum VTI to the mean VTI was calculated. Similarly, the ratio of 

the maximum to the mean velocity at peak flow was compared. Further the 

location of maximum velocity and mean velocities in each slice were visualised. 

In paper V, the location of the maximum and mean VTI was visualised. The 

location of the mean VTI was visualised by averaging VTis throughout the 

systole. This image was superposed on an image of the surrounding tissue. The 

tissue slices were averaged throughout the systole to constitute the anatomical 

frame around flow. 

Statistical analysis: 

In paper I, two subsequent heart cycles of different R-R interval lengths were 

compared using two tailed paired t-test. 

In paper Ill, all results were evaluated according to Bland and Altman i.e. one 

compared the difference between two methods with the average of the same 

two [40]. Paired t-test was used to compare difference in heart rate and the 

mean difference between the 3D methods and the 2D PW Doppler method. 

Statistical data were calculated in SPSS for Windows Version 8. 0. 0-1 0. 05. 

Results: 

Paper 1: 

The data indicated a non-uniform velocity distribution with the highest velocities 

and VTIIocated in the centre of the LVOT and toward the intraventricular 
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septum. The maximum VTI overestimated the mean VTI by approximately 40% 

in both planes. At peak flow, the maximum velocity overestimated the mean 

velocity by approximately 50 % in the apical long axis view and approximately 

60% in the five-chamber view .The line from the septum to the middle part of 

LVOT covered VTI values from maximum to 20% below. There were no 

significant differences at the 5% level between the two heartbeats in any of the 

calculated variables except from difference in R-R interval lengths. 

Paper II: 

The data were acquired rapidly during 10-20 heartbeats using a freehand 

system. The data were recorded at high frame rate, up to 104 frames/s 

(temporal resolution less than 10 ms). The jitter artefact was± 4.8 ms. 3D data 

were sampled from a fixed surface at the same level as the 2D PW Doppler 

method and the CO was calculated: 4.5 1/min vs. 4.0 1/min. By using a moving 

surface the estimate was 5.5 1/min. 

Paper Ill: 

Aortic flow: 

The range of agreement between method A and the 2D PW Doppler method 

was 0,2 ± 1, 7 I/ min (mean ± 2SD). Between method B and the 2D PW Doppler 

method it was 0,3 ± 1,5 1/min (mean± 2SD) and between method C and the 2D 

PW Doppler method 0,7 ± 1,7 1/min (mean± 2SD). 
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According to analysis in the 10 first recordings in method C the missing volume 

corresponded to 9 %of CO (95% Cl (0,4 to 0,5) 1/min)). 

Intra-observer: The coefficient of repeatability was 0,6 1/min. One clear outlier 

was excluded. Inter-observer: The coefficient of repeatability was 0,9 1/min. 

Mitral flow: 

The range of agreement between 3D mitral and 3D aortic flow was 

0.04 ± 1.32 1/min (mean of differences ± 2 SD), and between 3D mitral blood 

flow and the 2D PW Doppler method in the LVOT it was 0.88 ± 1.64 1/min 

(mean of differences ± 2 SD). 

The volume due to movement of the AV valve plane during diastole constituted 

11% of the total volume. There was a significant difference in mean CO 

between 3D mitral flow and flow in the LVOT obtained by the 2D PW Doppler 

method. P=0,001 and 95%CI (0,4 to 1 ,24). By excluding the volume 

represented by the movement of the AV valve plane, the mean difference was 

non-significant. P=O, 17 and 95%CI (-0, 13 to 0,65). 

Intra-observer: The coefficient of variability was 0,4 1/min, with no bias. One 

clear outlier was omitted. 

Inter-observer: The coefficient of variability was 0,7 1/min. One clear outlier was 

omitted (the same as in the intra-observer study). 

Paper IV: 

The velocity profiles were variably skewed. The mean ratio of the VTI to the 

mean VTI was 1,3 (range 1,1 to 1 ,6). By assuming that the mean VTI is the 

correct estimate in volumetric calculations using Doppler, the use of the 
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maximum VTI would lead to errors ranging from 10 to 60 % with an average of 

30 %. At the time of peak flow the mean ratio of the maximum to the mean 

velocity was 1 ,5 (range 1,2 to 2,6). 

Paper V: 

The mean ratio of the maximum systolic VTI to the mean VTI was 1 ,4 (range 

1 ,2 to 1 ,5). At the time of systolic peak flow the mean ratio of the maximum 

velocity to the mean velocity was 1 ,5 (range 1,1 to 2,0). 

The mean VTI was located along the brim of the annulus while the maximum 

VTI was most often located toward the septum. The location of the maximum 

velocity and the mean velocity at the same time was followed in each 2D slice 

throughout systole. Most often the maximum velocity at peak flow and the 

maximum VTI were located toward the septum. 

Discussion: 

We have described a new Doppler method to evaluate the instantaneous cross 

sectional velocity profile variability in the left ventricular outlet tract of patients 

with atrial fibrillation. This is the first time cross sectional velocity profiles in the 

LVOT of patients with atrial fibrillation has been described. Previous studies 

were based on interpolation of colour flow velocity samples from several 

heartbeats with regular R-R interval lengths to construct the instantaneous 

cross sectional velocity profile. Due to the high frame rates in our study (range 

90 to 115) frames/s it was possible to display the cross sectional velocity profile 

during recording of one heart cycle. According to our results, by using a single 
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sample volume to measure the maximum VTI, a considerable overestimation of 

stroke volumes may be the result. This confirmed previous studies conducted in 

healthy subjects with sinus rhythm [14]. We found no significant difference in 

the calculated measures in two consecutive heartbeats of different R-R interval 

lengths. Thus, according to our results, measurements from heartbeats of 

different R-R interval lengths can be averaged without moving the pulsed wave 

sample volume along the diameter of the LVOT. 

Further, the blood flow velocity distribution in the mitral flow channel (paper IV) 

and aortic annulus (paper V) was described using a new dynamic 30 method. 

Our results confirm earlier 20 ultrasound studies [12-14,23] and MRI studies 

[17, 28] that described the velocity profile as skewed. According to our results, 

the use of a single sample volume in Doppler measurements of the maximum 

VTI, errors ranging from 20 to 50% may be introduced in calculations of stroke 

volumes in the aortic annulus and 10 to 60 % in the mitral flow channel. 

Although, there were differences in the upper range of the results, our results 

basically confirmed previous ultrasound studies. However, our 30 method had 

several advantages compared to previous 20 and multiplane ultrasound 

studies. In general, 30 data sets have been generated by gated acquisition of 

multiple 20-scan planes. The 20 data were recorded during rotation, translation 

or tilting of the transducer [41] (Figure 3a-c). This was done by using motorised 

movements or by freehand techniques. The 20 scan planes were reorganised 

into 30 volumes according to their relative position in the ECG signal (Figure 1). 

To ensure the accuracy in 30 reconstruction in freehand systems, different 

locating devices have been proposed, mechanical, acoustical, optical or 
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electromagnetic systems. Real-time 30 has also been described [42]. By using 

a 20 phased array matrix it was possible to interrogate a pyramidal scan 

volume during one heart cycle. However limited frame rate severely restricted 

the quality of colour flow imaging. In paper 11-V, a 30 freehand technique was 

used. The probe was tilted in order to acquire data from several 20-scan planes 

for reconstruction into 30 volumes. A magnetic position system continuously 

recorded the spatial position and orientation of the probe. This enabled manual 

correction to optimise acoustic access during the recording. The acquisition of 

data was fast. The transducer was tilted transthoracically during 10-20 heart 

cycles. Raw digital data were obtained at high frame rate and analysed off-line 

in all our studies (1-V). By transferring and analysing raw digital ultrasound data, 

exact Doppler measurements were accessible as opposed to videobased 

systems and we were not limited by the video frame rate (PAL standard, 25 

frames/second). Several attempts have been made to visualise blood flow since 

the introduction of 30 ultrasound imaging [43-45]. In most studies, the video 

signals were used, which made quantitative analyses difficult, as re-digitisation 

of the colour encoding may not reflect the original blood flow velocities. High 

frame rates were desirable due to several reasons: Better temporal resolution in 

recordings of rapidly moving structures and blood flow and less jitter artefacts in 

the reconstruction of 30 volumes. The jitter artefact was defined as timing error 

between two consecutive slices due to lack of synchronisation between the 

EGG trigger and the image sampling (Figure 2) [46]. Finally, high frame rate 

ensured less effect of the sweep time delay in the colour flow image update. 
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We applied a moving surface of measurement that tracked the flow apparatus in 

our method. In order to get correct velocity values, representing the flow 

through the valve, the movement of the aortic annulus or the mitral valve should 

be taken into account. In paper 11-V, the blood flow velocities were calculated 

relative to the moving spherical surface, and true blood flow velocities through 

the aortic annulus or mitral valve were obtained. Kim et al calculated this 

underestimation to be 7 % of cardiac output [32]. In our study this volume 

constituted 11 % of CO in healthy subjects in mitral flow. This was also a 

relevant problem in the aortic flow quantification as described in paper II and Ill. 

This volume constituted 9 % of CO in healthy subjects according to our results 

in paper Ill. 

Several authors have described volumetric methods that were not hampered by 

the angle dependence of the Doppler beam [32, 34, 36-38, 47]. By spatial 

integration of the flow velocity component over a surface perpendicular to the 

ultrasound beam, angle independence of the Doppler beam was achieved. A 

larger flow area compensated the underestimation of the Doppler derived blood 

flow velocities. Since all recorded blood flow velocities were integrated in 

measurement of volumetric flow, no assumption about the velocity profile or 

effective flow area was needed. We applied this principle to a freehand 3D 

method. This principle is applicable to 3D data sets acquired by the use of 

rotational, tilting or translational movements. 

Quantitative multiplane colour flow studies of mitral blood flow [32, 38] and 

mitral regurgitation jets [48, 49] has been described previously. The majority of 

these methods were trans-oesophageal, which limited the use in follow up of 



patients. The acquisition time was long and by using rotational probes it was 

essential to keep the position of the transducer stable to avoid artefacts in the 

3D reconstruction. 
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A problem in validation of new cardiac output methods is the lack of a "gold 

standard". To our knowledge there is no gold standard in the calculation of 

cardiac output. Invasive methods have traditionally been used for comparison, 

but these methods are also hampered by assumptions [50]. Further, it would 

seem unethical to subject healthy individuals to invasive procedures due to the 

associated risk. We chose to compare our 3D CO measurements with a 

conventional 2D PW Doppler method that has been used by several groups and 

is the standard method in our hospital. The statistical method proposed by 

Bland and Altman that was used in our study was designed for such 

comparisons [40]. 

The freehand 3D ultrasound imaging technique has been highly accurate in 

calculations of volumes in water filled balloons [46]. By applying the method to 

volumetric measurements of both mitral- and aortic flow in subjects without 

valve regurgitation, a close agreement would favour the accuracy of the 

method. The 3D methods showed good agreement and no bias. The observed 

bias between the 3D methods and 2D PW Doppler were larger. This may be 

due to several factors. The missing volume, due to the movement of the aortic 

annulus during systole and AV plane during diastole, was not added to the 2D 

PW method. Another possible reason for the observed bias is the angle 

dependency of the 2D PW Doppler method. 
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Limitations: 

The results in paper I must be interpreted cautiously as only a limited number of 

patients were included in the study. Thus, there is a possibility of having made a 

type II statistical error. 

The cross section velocity profile was recorded in two orthogonal planes. A 

complete three-dimensional velocity profile was not studied. 

In paper II -IV, all recordings in our studies were performed before any 

evaluations of the 3D reconstruction were done. If the 3D reconstruction had 

been evaluated on line, or off-line immediately after the recording, a higher rate 

of success would probably have been achieved as a new and presumably 

better recording could replace a corrupted recording. Due to limited access 

between the ribs it may be difficult to cover the region of interest. Combination 

of several 3D scans may solve this problem. Leotta et al described a freehand 

3D method in witch multiple scans of tissue images of the left ventricle were 

combined to calculate stroke volumes [51]. 

The 3D method used in paper 11-V was not suited to investigate persons with 

irregular R-R interval lengths, as this would corrupt the 3D reconstruction. 

Subjects who are unable to hold their breath for a short period of time will be 

excluded, as a minimum of time is required to cover the region of interest. 

Although the acquisition time was short, post processing was time consuming. 

The total time needed to acquire and process data from mitral flow was 

approximately 20 minutes altogether. 

In paper I, II and IV, the velocity profile was only close to instantaneous due to 

sweep time delay in the colour flow image, but this error was limited by the high 
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frame rate. The change in recorded blood flow velocities from one side of the 

sector to the other would be maximum 0.1 m/s at 100 frames per s and 0.17 

m/s at 57 frames/s with a blood flow acceleration of 10 m/s2
. However, the VTI 

was unaffected by this. In paper V, the position of the maximum VTI and mean 

VTI were assessed subjectively as they were only visualised. 

As in all Doppler studies, machine settings influence the analysis. By varying 

tissue gain, reject, compress and tissue priority to their extremes, overestimates 

in CO relative to the initial setting were maximum 67 %. However, such 

adjustments were obviously wrong as tissue velocity signals were interpreted as 

flow or vice versa. Nevertheless, some of the variability in our measurements of 

CO may be attributed to adjustment problems. The algorithm to baseline shift 

aliased velocities (11-V) lead to some loss of low blood flow velocities. To avoid 

aliasing it is important to increase the pulse repetition frequency. 

Ferro-magnetic materials affect the magnetic position sensor system, and 

movement from the subject during recording may introduce 3D reconstruction 

artefacts. 

Finally, in paper II- V only young healthy volunteers were included, and one 

should be careful in generalising the feasibility of the method in all clinical 

settings. 

Further work: 

Transoesophageal 3D colour flow methods have been described to calculate 

the regurgitate jet volume of patients with mitral regurgitation [44, 45, 48, 49]. 

Potential clinical applications of the described freehand 3D method in this thesis 
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is quantification of regurgitant flow in mitral regurgitation. Doppler regurgitatant 

fraction and volume can be calculated by comparing mitral and aortic forward 

stroke volumes or cardiac output. Assumptions about jet size are avoided. 

Methods measuring jet area mapped with colour Doppler measure not only the 

velocities of blood moving from one chamber to another but also the motion of 

the blood that is entrained and displaced on its path. 

However, calculations of regurgitate fraction or volume will not replace the need 

of standard echocardiographic measurements as the compensatory changes as 

chamber size, compliance and mass is not detected by a quantitative flow 

measure. 

3D ultrasound methods have not become an everyday clinical tool in cardiology 

yet. This is due to the complexity in data acquisition and post processing. 

However, further development in real-time 3D may solve some of these 

obstacles in order to ease the use and quality of 3D ultrasound imaging. 

Conclusion: 

In this thesis, we have discussed and illustrated a variety of problems regarding 

2D PW methods in calculations of CO and proposed and validated a freehand 

3D method that solves some of these difficulties. 

A 2D colour flow method was described and applied to studies of the 

instantaneous cross section velocity profile of patients with atrial fibrillation. The 

velocity profiles were skewed with the maximum velocity and VTI most often 

located in the middle of the LVOT and toward the septum. The maximum VTI 

overestimated the mean VTI by approximately 40 %. 



No differences existed in these measures in two consecutive heartbeats of 

different R-R interval lengths. Thus, according to our results measurements 

from heartbeats of different R-R interval lengths can be averaged without 

moving the pulsed wave sample volume along the diameter of the LVOT. 
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The velocity profiles in human aortic- and mitral blood flow were described by 

using a new a freehand 30 colour flow imaging method. Blood flow velocity 

vectors were measured through a moving sample surface that followed the 

valve apparatus throughout the systole and diastole. Raw ultrasound data were 

obtained at high frame rate. The blood flow velocity profile was non-uniform. By 

using a single sample volume in Doppler measurements of the maximum VTI, 

errors ranging from 10 to 50 % may be introduced in calculations of stroke 

volumes in aortic flow and 10 to 60 % in mitral flow. 

The 30 method was applied to measurements of volumetric aortic and mitral 

flow. The range of agreement between 30 mitral and 30 aortic blood flow was 

good with a bias of no more than 0,04 1/min. The 30 data had the same 

temporal resolution as the original 20 data. The method was angle 

independent, no assumptions about the flow geometry were made and the 

measured flow through the LVOT and mitral orifice was correctly measured with 

respect to the movement of the valve plane relative to the probe. 
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Figure legends: 

Figure 1. 

30 reconstruction. 

For each 2D frame, the sensor position co-ordinates, the digital ultrasound data 

and the ECG signal were stored in the digital replay memory. 

In EchoPAC-3D, frames with the same temporal delays relative to the R-wave 

in the ECG signal were used to reconstruct 3D volumes throughout the cardiac 

cycle. 

Figure 2. 

Jitter artefact. 

The reconstruction jitter is due to the lack of synchronisation between the 

scanner frame sampling and the ECG. Thus, in this example, the 2D frames in 

a 3D volume are 11 ms apart in a given time step. 

Figure 3 a-c: 

30 data aqusition. 

3D data set may be generated by acquisition of multiple 2D scan planes. 

a. Rotation 

b. Tilting 

c. Translation 



Errata: 

Paper Ill. 

Page 207: 

Mitral flow, the last sentence should be: 

"In EchoPAC-30, the start of the heart cycle was set to 300 ms after the R 

wave in the ECG", not before as stated in the article. 

Page 210: 

Reference # 16 should not have been mentioned here. This reference should 

have been mentioned after reference #5, at page 204 

34 



CJ) 
Q) 

E 
:J 

~ 
0 
('I) 

Q) 

E 
~ 



~ 
<1) 

~ 
~ 
~ 
"'--"' en 
~ s 

• '1"""1 

0 ~ 

~ ~ +I ;....... 
<1) ;....... 

<1) bJ) 
tj bJ) 

• '1"""1 • '1"""1 
;....... .,......., 
~~ 







. 
u 





Paper I 





A New Method Describing Cross-Sectional 
Blood Flow Velocity Profiles in the Left 

Ventricular Outflow Tract of Patients 
with Atrial Fibrillation with the Use of 

High-Frame Rate 2-Dimensional 
Color Flow Imaging 

Bj0rn Olav Haugen, MD, Stcinar Bjxrum, MSc, Stein Olav Samstad, J'v!D, PhD, 
Tcrjc Skjxrpc lviD, PhD, and Hans Torp, DrTcchn, TI·ondheim, Norway 

A new Doppler method was developed to evaluate 
the instantaneous cross-sectional velocity profile 
variability in the left ventricular outlet tract in 
patients with atrial fibrillation. Blood flow velocities 
acquired at a high frame rate (>90 frames/s) from a 
single heart cycle were used to display the velocity 
profile. In 9 patients, 2 heart cycles with different R
R interval lengths were recorded in color flow mode 
in a transthoracic apical S-chamber and long-axis 
view. Raw digital ultrasound data were analyzed with 

INTRODUCTION 

Stroke volumes can be calculated from echocar
diographic measurements of the velocity-time inte
gral (VTI) in the left ventricular outflow tract 
(LVOT) and the subvalvular diameter, assuming a 
circular outflow tract and a flat velocity profile-' 
However, several reports have shown a nonuni
form velocity profile in the LVOT in persons in 
sinus rhytlun. 2·4 These studies assumed constant R
R intervals, and no beat-to-beat variability of the 
velocity profile. With these assumptions, one veloc-
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an external personal computer. The data indicated a 
vat"iable skew in the profiles with the highest 
velocities and velocity-time integral (VTI) most often 
located in the center and toward the septum. The 
maximum VTI overestimated the mean VTI by 
approximately 40%. No significant difference existed 
between the two heartbeats. Thus the VTI can be 
averaged from heartbeats of different R-R lengths in 
atrial fibrillation. (JAm Soc Echocardiogr 2001;14: 
50-6.) 

ity profile was calculated by interpolation of color 
flow velocity samples from several heartbeats. The 
previous method cannot be used in patients with 
irregular heart rhythm, and to our knowledge, no 
data exist on the possible beat-to-beat variability of 
the velocity profile in the LVOT in such patients. To 
calculate cardiac output from echocardiographic 
measurements of stroke volume, the VTI must be 
averaged from 5 to 10 heartbeats to compensate 
for the variability in blood flow.' If the profile is 
skewed, and the skew changes from stroke to 
stroke in an unpredictable manner, another uncer
tainty and limitation are introduced in the pulsed 
wave Doppler technique. 

We have developed a new method that uses blood 
flow velocity estimates acquired at a high frame rate 
(2'90 frames/s) from one heart cycle.A similar method 
has been applied in studies of the instantaneous 
cross-sectional velocity protile in the mitral blood 
flow of persons in sinus rhythm.5 

The purpose of our study was to develop a fast 
and easy method to study the instantaneous cross
sectional blood flow velocity profile in the LVOT in 
patients with atrial fibrillation. The method was 
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Figure 1 A li ne across the left ventricular outflow trac t was drawn 0 .5 em proximal to the insertion of 
the aortic valve, and cross·sectional velocities were extracted ti·om this line. 

applied to 9 patients , and ve locity prol11es from 2 
consecutive heartbeats of different R-R interval 
lengths were compared to assess any possible diffe r
ences in the velocity p rofile . 

METHODS 

Informed , writte n consent was obtained from each subject 
in accordance w ith the regional e thical committee o n 
human research. 

Subjects 

Nine patients with atrial fibrilla t ion and no significant 
heart valve disease or other structural heart disease we re 
consecutively included before elective DC cardioversion at 

the department of cardiology, University Hospital ofTrond
hei m, Norway. The group comprised 7 men and 2 wome n 
(mean age 62 years, range 4 1 to 75). The mean heart rate 
was 88 bpm (range 65 to II 0). 

Equipn1ent 

A digital ult rasonographic scanner (System Five, GE Vingmed 
Ultrasound, Ha rten , Norway) with a 2.5-MI-Iz phased-array 
transducer was used for all echocardiographic measure
ments. Digital image data were transferred to an external per
sonal computer and analyzed w ith MATLAB (The Math
\Vorks, Inc, Natick, Mass) software:Ib obtain the information 

needed from I heartbeat to construc t the instantaneous 

cross-sectional velocity profile, we used software developed 
for high - frame rate imaging as described below. 

Ins trtuncnt Setting 

Recordings of tissue images were obtained in second har· 
monic imaging mode w ith a transducer transrn ittal fre

que ncy of 1.7 MHz. For color flow imaging, the center fre
quency of the tra nsmitted pulse was 2.5 MI-Jz. The radia l 

sample volume le ngth was 0.8 nun . 

Data Acquis ition 

The subjects were examined in the left lateral decubital 
position. To reduce cardiac movement , the recordings were 
done in held end-expiration. Ultrasonographic data were 
acquired in an apical S-chambe r view and an apical long
axis view. To get as high a fram e rate as possible during 
recordings of aortic blood fl ow, a prototy pe data acquisi
tion technique was used , which provided an inc reased 
frame ra te w ith a moderate decrease in spatial resolution. 
The sector angle was set to a minimum, and the region of 
interest was minimized to cover the LVOT to obtain a rate 
of 2:90 frames/s, and a time delay less than 6 ms over the 
flow sector was achieved . Thus, from a s ingle hea rtbeat, 
blood flow veloci ties from various posit ions within the 

LVOT were recorded with a resolution better than 6 ms at 
each point. 

\'\/c scrolled the replay memory in the digital ul trasono
graphic scanner to find the longest H-R interval. The sub
sequent R-R inte rval was short. The digital image data from 
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Figure 2 Cross· sectional blood flow velocities encoded as colo r flow from the left ventricular outflow 
tract o btained in a S-chamber view in a patient with atrial fibrillati on . The blue area limited by yell oil' 
lines represents the systolic period. T he green marker is located at the septu m. The yellow mnrl:cr is 
located laterally. The piult marker is located at the point of maxi mum velocity, and the pink line rep
resents the maximurn velocity-time integral. 

the 3 subsequent heartbeats corresponding to these 2 R-R 
intervals were transferred from the ultrasonographic scan
ner to an external personal computer. 

Data Processing 

For each sample volume~ the flow information was encod
ed in a 16-bit "word." This data format ensures adequate 
resolution for both the power and velocity estimates. The 

data were visualized and processed wi th the use of soft
ware written in the MATLAB language. By performing 

angle correction, f low velocities perpendicular to arbi
trary lines in the image could be plotted as a function of 
time. Detection of large discontinuities in the velocity esti
mates enabled correction for aliasing caused by high esti

mates. This way, the color flow data could be used in the 
quantitative analysis of the flow pattern through the aor
tic valve. 

Tissue priority and flow gain were adjusted to ensure 
that the flow was within the anatomic borders. The sys

tolic periods from 2 subsequent heartbeats were studied. 
Measurements were obtained for the R-R interval, defined 
as the time from the previous heartbeat to the one studied. 
A line across the LVOT was drawn o.; to 1 em proximal to 
the insertion of the aortic valve (Figure 1), and cross-sec

tional veloc ities were extracted from this line and visual
ized with color M-mode echocardiography (Figure 2). The 

line was fixed and did not track the tissue during systole. 
Blood flow veloci ties from any given time interval (in our 
setting, during systole) were analyzed by extracting the 
data as illustrated in Figure 2. The following heartbeat was 

treated in the same manner. 
The instantaneous cross-sectional velocity profile was 

reconstructed by plotting blood flow velocities against 
time and position along the diameter of the LVOT (Figure 
3). Figure 4 shows the velocity profile from 2 heartbeats of 
different R-R interval lengths (long and short). As a quanti
tative assessment of the velocity distribution, any possible 
skew was described by comparing the ratios of the max i
mum Vfl to the mean velocity integral, and the ma...ximum 

velocity to the mean veloci ty. Furthermore, the posi tion of 
the maximum velocity and the maximum VTI along the 
cross-sectional line was noted. Finally, we calculated the 
part of the line that crossed the LVOT in wh ich values 
between the maximum VTI and maximum VTI - 20% were 

detected (Figure 5). 

Statis tical Analysis 

Data from 2 different heartbeats were compared with the 
paired t test (null hypothesis: there is no difference 
between the 2 heartbeats; alternate hypothesis: there is a 

difference). The level of significance was chosen at P < 
.05. 
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Figure 3 The instantaneous cross-sectional velocity profile in systole limi ted by ycllowliucs in Figure 2 . 
The rcti line crossiug the pictu1'c nlrmg the nxis-mn.rllcti positiou represents ti me of maximum velocity. The 
pinll mnrllC1' represents the maximu m velocity. The rcti line nlong t/;c nxis-mnrllcti ji·n.mc 1111111l11.:r repre
sents the position of maximum ve loci ty-ti me integral . 

Systole 1 Systole 2 

Figure 4 The inst:mtancous cross-sectional velocity profiles from 2 heartbeats with different R- R inter
val lengths in a patient with atrial fi bri llation. Blood Aow velocities arc plotted against time and position 
along the diameter of the left ventricular outflow tract. The highest blood fl ow velocities arc located 
toward the intraventricular scpttlm. 

RESULTS 

The data indicated a nonuniform velocity distribution 
with the highest velocities and VTI located in the cen
ter of the LVOT and toward the intmventricular sep
tum. The maximum VTI overestimated the mean VTI 
by approximate!)' 40% in both planes.At peak flow, the 
maximum velocity overestimated the mean velocity by 
approximately 50% in the apical long-axis view and by 
about 60% in the S-chamber view. The line from the 
septum to the middle part of the LVOT covered VTI val
ues from max imum to 20% below maximum. 

No significant difference was found at the S% level 
between the 2 heartbeats in any of the calculated 
variables, except the difference in R-R interval length. 
However, the rat ios of the maximum velocity/mean 
velocit)' recorded in the apical long-axis view showed 
a difference of P = .05, close to significance. 

Tables I through 4 present the data from the record
ings of 2 different heartbeats obtained in 2 orthogonal 
planes, a S-chamber view, and the apical long-axis view. 
The recordings were obtained at a high frame rate 
(mean 100 frames/s , range 90 to liS). The mean time 
resolution was 10 ms (range 8.7 to l lms). 
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Figure 5 The relative length of (VTI max to VTI max- 20%}/Total diameter. Five-chamber view. The 
x~nxis represents the line across the left ventricular outflow tract. Paint 0 is located at the septum and 1 
at the lateral end. The bold pm·t of the cm·pe is the interval VTI max to VTI max- 20%. A, Heartbeat I. 
The relative length of(VTI max to VTI max- 20%)/Total diameter= 0.65. B, Heartbeat 2. The rela
tive length of (VTI max to VTI max- 20%)/Total diameter= 0.69. V71, velocity-time integral. 

Table 1 The recordings from two different heartbeats in 9 patients with atrial tibrillation (apical long-axis view) 

Heartbeat 1 Heartbeat 2 95% CI dlffcrcncc in mean Pvaluc 

R-R length (s) 0.93 0.59 0.21 to 0.48 .0001 
Length of (Vfl max to Vfi max- 20%)/Total line 0.56 0.44 -0.03 to 0.25 .I 
Max VTI/Mcan VT! 1.38 1.49 -0.61 to 0.38 .62 
Max V/Mcan V 1.37 1.67 -0.59 to -0.01 .05 

In calculations of the relative length of(VTI max to \rn m;n:- 20%)/Tot:~llinc, point 0 is localized ro the ;mtcrior, and 1 is loc;~tcd at the posterior end. 
R·R1 Time interval between two R complexes in the electrocardiogram; V11, velocity-rime integral; V, velocity; mnx, m;\xinmm. 

Table 2 Tile recordings fi·om two different heartbeats in 9 patients with atrial fibrillation (S-chamber view) 

R-R length (s) 
Length of (Vri max to Vfl max - 20% )/Total line 
Max VT!/Mcan VT! 
Max V/Mcan V 

Heartbeat 1 

0.94 
0.56 
1.32 
1.8 

Heartbeat 2 

0.61 
0.63 
1.42 
1.32 

95% CI difference in mean 

0.18 to 0.47 
-0.16 to 0.06 
-0.06 to 0.24 
-0.59 to 1.53 

Pvaluc 

.001 

.07 

.19 

.33 

In calculations of the length of(VTI max to \Tfl max- 20%)/Totalline, poinr 0 is located at the septum ;tnd I ;~t the lateral end. R·R, Time interval between 
two R complexes in the electrocardiogram; VTI, velocity-time integral; t~ velocity. 

DISCUSSION 

In this study, we have presented a fast and easy 
method to describe instantaneous cross-sectional 
blood flow velocity profiles in the LVOT of patients 
with atrial fibrillation. At 90 frames/s and above, the 
time resolution was better than II ms.The influence 
of the sweep time delay was strongly reduced and 
therefore disregarded in our study. Thus, it was pos· 
sible to display the instantaneous velocity profile 
from the recording of a single heart cycle. Because 

we compared 2 heartbeats, any possible influence in 
the skew caused by sweep time delay would influ
ence both heartbeats. This was a more feasible 
method than previous methods in which color flow 
velocity samples from several heartbeats with regu· 
lar R-R intervals were interpolated to construct the 
instantaneous cross-sectional velocity profile.Z-4,6,7 

In conventional pulsed wave Doppler teclmiques, 5 
to 10 heartbeats are averaged in patients with atrial fi
brillation to ensure a reliable measure of cardiac out
put. We did not find any significant difference in the 
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Table 3 The recordings from two different heartbeats in 9 patients with atrial fibrillation 

Relative position of the 
ma.ximum velocity along 
the line crossing the I.VOT Heartbeat 1 Heartbeat 2 95% CI difference in mean P value 

l:ivc-chambcr view 
Apical long-axis view 

0.43 
0.35 

0.41 
0.53 

-0.26 to 0.19 
-0.09 to 0.33 

.74 

.24 

In the relative position of the maximum velocity, poim 0 is loc:ltcd at the septal/anterior end, and 1 is loc<"!ted at the later.ll/posterior end. J,VOT, Lett ven
tricular outflow tract. 

Table 4 The recordings fi·om two different heartbeats in 9 patients with atrial fibrillation 

Relative position of the 
maximum VI1 along 
the line crossing the LVOT Heartbeat 1 Heartbeat 2 95% CI difference in mean Pvaluc 

Five-camber view 
Apical long-axis view 

0.44 
0.34 

0.47 
0.44 

-0.24 to 0.19 
-0.28 to 0.07 

.76 

.22 

In the relative position of the maximum \rn, point 0 is localized ;lt the septal/anterior end, <"!nd l is located at the lateral/posterior end. LVO'l; Left vcn
tricul:lr mnflow tract; VT!, \'clocity-timc integral. 

blood flow velocity profile in 2 consecutive heartbeats 
of different R-R interval lengths. One potential implica
tion of this finding is that when measuring blood flow 
velocities with the pulsed Doppler technique, the sam
ple volume can be fixed in the same position along the 
diameter of the LVOT during the recording. The maxi
mum VTI has been described in 2 settings: the relative 
position of maximum VTI, and the part of the line that 
crosses the LVOT in which values between maximum 
VTl and maximum VTI - 20% were measured. The 
maximum vn was a robust parameter as opposed to 

the mean vn because of less dependence of the high 
pass filter limit. Furthermore, the maximum VTI was 
less sensitive to poor differentiation of tissue and blood 
flow velocities. The mean VTl was measured for com
parison with previous works. The Doppler sample vol
ume is fixed during recording of blood flow velocities, 
but the heart is moving. 

Thus, the introduction of the parameter Lengtb of 
(VTI max to VTI max- 20%)/totalline illustmtes that 
the acceptance of a potential variation of 20% in the 
calculation of stroke volume likely enables the sample 
volume to actually detect these velocities along the 
diameter. If this distance is short, it would be difficult 
to detect blood flow velocities within this mnge, and 
the estimate of the VTl would be less precise. As 
shown in Tables 1 and 2, the line from the septum to 
the middle part of the LVOT covers VTl values from 
the maximum to 20% below the maximum. The skew 
in the velocity profile has been described in patients 
in sinus rhythm as previously mentioned and must be 
kept in mind when sampling blood flow velocities 
with the use of the pulsed Doppler technique. 

Study Limitations 

The results describing the velocity profiles must be 
interpreted cautiously because a limited number of 
patients were included in this study. Each patient 
analysis was limited to 2 cardiac cycles. However, we 
scrolled the replay memory in the digital ultrasono
graphic scanner to find the longest R-R interval. The 
subsequent R-R interval was significantly shorter. 
Thus, the probability of detecting differences in the 
velocity profile was maximized. 

The cross-sectional velocity profile was recorded 
in 2 orthogonal planes; thus a complete 3-dimen
sional velocity profile was not studied.lt is not pos
sible to generalize our findings to all patients with 
atrial fibrillation, as they might represent a select
ed group. 

Conclusion 

We have developed a fast and easy method that 
enables the study of the instantaneous cross-sec
tional velocity profile in patients with atrial fibrilla
tion. The velocity profiles were skewed with the 
maximum velocity and VTl most often located in 
the middle of the LVOT and toward the septum. The 
maximum VTI overestimated the mean VTI by 
approximately 40%. 

No differences existed in these measures in 2 
consecutive heartbeats of different R-R interval 
lengths. Thus, according to our results, measure
ments from heartbeats of different R-R interval 
lengths can be averaged without moving the pulsed 
wave sample volume along the diameter of the 
LVOT. 
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Volumetric Blood Flow Measurement 
with the Use of Dynamic 3-Dimensional 

Ultrasound Color Flow Imaging 
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T1·oudheim, NorJPay 

We describe a new method for measuring blood 
volume flow with the use of freehand dynamic 3-
dimensional echocardiography. During 10 to 20 

cardiac cycles, the ultrasonographic probe was slowly 
tilted while its spatial position was continuously 
recorded with a magnetic position sensor system. The 
ultrasonographic data were acquired in color flow 
Imaging mode, and the separate raw digital tissue and 
Doppler data were transferred to an external personal 
computer for postprocessing. From each time step in 
the reconstructed 3-dimensional data, one cross
sectional slice was extracted with the measured and 
recorded velocity vector components perpendicular 
to the slice. The volume flow rate through these slices 

INTRODUCTION 

Ultrasound Doppler is a widely used clinical tool 
for estimating blood volume flow and cardiac out
put. In the most commonly used technique, the 
velocity in the Doppler spectrum is traced during 
systole, and the integral of this curve is multiplied 
by the aortic area defined by the diameter, as mea
sured by B-mode ultrasonography (ultrasound).This 
calculates the stroke volume. One such method was 
proposed by Skj;erpe I and consists of measuring 
the blood velocity by pulsed wave (PW) Doppler in 
the distal left ventricular outflow tract (LVOT).The 
modal velocity in the Doppler spectrum is traced 
during systole, and the diameter is measured in the 
LVOT close to the insertion of the aortic valves.This 
technique assumes a nearly flat velocity profile, 
which may not reflect the actual flow distribution. 
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was found by integrating the velocity vector compo
nents, and was Independent of the angle between the 
actual flow direction and the measured velocity 
vector. Allowing the extracted surface to move 
according to the movement of anatomic structures, an 
estimate of the flow through the cardiac valves was 
achieved. The temporal resolution was preserved in 

the 3-dimcnsional reconstruction, and with a frame 
rate of up to 104 frames/s, the reconstruction jitter 
artifacts were reduced. Examples of in vivo blood 
voluJne flow measurement are given, showing the 
possibilities of measuring the cardiac output and 
analyzing blood flow velocity profiles. (J Am Soc 
Echocardiogr 2000;13:393-402.) 

It is also sensitive to errors in the Doppler sample 
volume placement, the tracing of the spectrum, and 
the diameter measurement. 

A different approach with the use of 2-dimensional 
(2D) color flow imaging (CFI) was described by 
Tsujino et a!. 2 In this method, a line is placed across 
the flow region, and the flow volume is calculated 
from the corresponding velocity profile. Shiota et at3 
applied this method to quantification of aortic regur
gitation. 

The aortic blood flow measurement method as 
described, which uses the PW Doppler technique, is 
based on a Doppler sample volume placed at a con
stant depth throughout the cardiac cycle. This prob
ably leads to an underestimation of the stroke vol
ume because the blood flow is only measured during 
systole when the aortic annulus moves in the oppo
site direction. The movement of the annulus relative 
to the measurement position describes a blood vol
ume that ideally could be measured during diastole 
when the annulus moves back the same distance, 
together with the corresponding blood pool. This 
blood volume is lost because of the low sensitivity of 
the PW Doppler technique. 

Since the introduction of 3-dimensional (3D) ultra
sound, several attempts have been made to visualize 
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Figure 1 The probe was slowly tilted ti·om the start to the end position during I 0 to 20 cardiac cycles 
through the left ventricle from an apical position, covering the left ventricular outflow traer. Thl! patient 
must not breathe or move during data acquisition. 

blood volume flow from 3D data containing Doppler 
measurements. An early attempt by Miyagi et aJ1 
showed the possibility of creating 3D color flow 
images from the umbilical cord. Picot et alS 
described a 3D color flow system for visualizing the 
carotid artery. Visualizations of dynamic 3D intracar
diac color flow jets have also been performed6,7 

Most methods presented so far have been based 
on the video output signal from the ultrasound scan
ner. This makes it difficult to do quantitative analysis 
of the flow data because the color values from the 
video signal are the result of mapping from the orig
inal Doppler frequencies.This mapping includes pro
cessing to give optimal visualization of the flow and 
is not necessarily optimal for flow quantization. 

The video data also suffer from poor temporal res
olution (25 frames/s for the PAL [phase alteration by 
line] video standard). This causes reconstruction jit
ter artifacts caused by the lack of synchronization 
between the electrocardiogram (ECG) signal and the 
video signal sampling. As a result, the reconstructed 
data will consist of neighboring image frames devi
ating up to 20 ms relative to the ECG trigger posi
tion. With the limited temporal resolution in the 
ultrasound scanner itself, this error will increase 
because the ultrasound image sampling and the 
video grabbing are not synchronized. This jitter 
introduces errors when the 3D color flow data are 
used quantitatively. In addition, low temporal resolu
tion may undersam pie the flow velocities. 

Most of the work presented on quantitative 3D 
flow has been performed in vitro. Guo et alH de
scribed how flow through a test phantom could be 
quantified with 3D color Doppler. However, when 
measuring Doppler frequencies in the heart in vivo, 
additional problems arise because of the moving 
heart walls. Recently, the possibility of calculating 
regurgitant jet volume has been demonstrated.9,IO 

The purpose of our work was to develop a new 
method for calculating the cardiac blood volume 
flow in vivo with the use of 3D color Doppler data 
acquired with a freehand position sensor. The raw 
digital data from the scanner were captured at high 
frame rates. 

The development of dynamic 3D echocardiogra
phy has made it possible to reconstruct 3D cardiac 
sequences of separate tissue and color flow data 
with no loss of temporal resolution and with small 
spatial reconstruction errors. II The volume flow 
algorithm was based on an angle-independent mea
surement method.l2,13 The general idea was to 
extract the measured velocity vector components 
that were perpendicular to a cross-sectional slice 
through the flow tract and estimate the volume flow 
independent of the flow direction. Haugen et aJI' 
validated the method in vivo, and one example 
showing the possibilities of blood volume flow mea
surements is given in our article. 

MATERIALS AND METHODS 

Data Acquisition 

Raw digital data were acquired with the usc of a System 
Five (GEVingmcd Ultrasound, Harten, Norway) ultrasound 
scanner with a 2.5-MHz phased-array transducer. The spa
tial position and orientation of the probe were continuous

ly recorded with a position sensor system (Flock of Birds, 

Ascension Technology Corp, Burlington, Vt), consisting of a 

magnetic field transmitter and a sensor (receiver), which 

was mounted directly on the probe. The transmitter and 

the sensor were both coupled to an electronic control 

unit, and the sensor had to be located inside the magnetic 

field of the transmitter. The operating range of the sensor 

w~1s 25 to 60 em from the transmitter. The control unit was 
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Figure 2 The reconstructed volume at one time instance; 
the volume contains part of the left ventricle (LV), the 
intraventricular sepn1m (IVS) at left, and the left ventricle 
outflow tract (LVOT). The measured velocity vector com· 
ponents are perpendicular to the extracted surface. 

coupled directly to the sc;umer. The sensor position coor
dinates were stored in the digital replay memory together 
with the corresponding image frames and all other rele
vant scanner parameters including tl1e ECG signal. 

The data were acqui_red with frame rates up to 104 
frames/sin CFI mode. From a transthoracic apical position, 
the probe was tilted slowly during held end-expiration 
(Figure 1). Typically, one complete scan lasted 10 to 20 car
diac cycles. The raw digital ultrdsound data, consisting of 
separate 8-bit tissue values and 16-bit color flow values, 
were transferred to an external personal computer for 3D 
reconstruction. 

Volume Flow Measurement Data 

To reconstruct volumetric data from each consecutive 
time step, tlle raw scan line data from tlle 20 scan planes 
were reorganized according to their position in the cardiac 
cycle with the use of a prototype version of U1e Echo PAC. 
30 software (GE Vingmed Ultmsound). The data from tlle 
llrst scan plane in each cycle (defined by the ECG) were 
used to build up the first volume, and data from the second 
scan plane, the second volume, and so on. II 

One 20 slice was extracted from the 30 data for all the 

different time steps (Figure 2). Both tlle raw tissue and the 
Doppler values were resampled on this surface. Because 
the ultrasonic beam was perpendicular to tllis surface at all 

points, the measured blood flow velocity component was 
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Figure 3 The 3-dimensional flow profile at time n consists 
of a set of discrete vector components Y,1 {.-~, y) represent
ing the velocity in the area L1A. 

Figure 4 Midsysto lic outflow from the left ventricle (LV) 
through the aortic outlet (AO). Thegrem curve indicates 
the intersection with the cross-sectional slice passing 
tluough the annulus. 

perpendicular to the surface. The position of this surface 
was then given only by the depth, which was manually 

positioned during a review of the 30 data . 
The probable underestimation of the aortic outflow as a 

result of the moving annulus was avoided by using the 

described cross-sectional surface. The blood volume that 
passed through the same anatomic structure (eg, the aor
tic annulus) w~1s calculated. The surface was manually posi

tioned at the desired depth at start- and end-systole. 
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Figure 5 One slice through the 3-dimcnsional data in the distal left ventricular outflow tract during the 
aor tic outflow in systole. A, T he raw tissue data . B, The corresponding raw Doppler v~1lucs. The nega
tive velocities (away from the probe) arc coded in blue. T he red and dnrk wlors arc positive velocities 
(toward the probe). C, Combination of the filtered, separate tissue and Doppler values. Note that the 
colors represent the velocity vector components perpendicular to the ilnagc plane. 

Between these posi tions, the surf<lce depths were intcrpo-

);Hcd, resulting in a surt;tce that followed the movem ent of 

the selected structure. The velocity of this movement was 

recorded and added to the blood veloci ty. 

The ex trac ted surface data were represen ted by two 
U x V x N matrixes fo r the raw tissue values and the 

Doppler values, where U x V was the size of the surface, 

and N was the number of time steps. The Doppler values 
were the pulse-to-pulse complex autocorrelation function 

values for zero and unity lags, R(O) and R(l), rcspectivelr 

These values were used to estimate the signal power, P = 
11(0), and Ute center frequency, w = argl/(1) E j-Jt, Jtj .wrhc 

Doppler frequency w w:~ s proportional to the blood flow 

velocity used in the volume fl ow calculations. Further pro
cessing on these autocorrelation function values was per

lormcd using MATLAD (Math Works Inc, Natick, Mass). 

Region of Interes t 

Inside the Doppler flow region in the ex tracted sUcc, flow 

was ,detected from several sources. To prevent unwanted 
veloci ties from being used in the volume flow calcula

tions, a region of interest was manual.ly indica ted in the 

data. For the aortic outflow, one region of interest was 

defined in the start-~l'Sto lic frame and one in the end-sys

tolic frame. Interpolation was performed fOr the fram es in 

between.Thesc contours were no t used as the exact flow 

border definition, but only to exclude surrounding blood 

flow. This also reduces the errors from drop-out effects 

occurring when low-gain tissue causes blood flow to be 

incorrectly detected. 

Spatial a nd Temporal Signal Smoo thing 

To smooth the da ta and reduce the variance, the values 

R(O) and the compl ex 11(1) were filtered with a spatial 

average filter mask.Thc ftlter size depended on the amount 

of ovcrsampling in the reconstruc ted 2D slice. The tissue 
values were detected w ith a higher spatial resolution t11an 
the Doppler values in the o rig inal scan plan e (azimuth 

direction). During the resampling, the elevation resolution 

was set approximately equal to tJ1e original azimuth tissue 

resolution and equal f(>r bo th the tissue and the Doppler 

v:1lues. The spatial Doppler l:ilter size w:1s adjusted so that 

it was close to the original Doppler sampling density. The 

data were the n smoothed in the te mpora l direction by 

averaging each value w ith the values from the previous 

and the next time step. Finally, spatial interpolation was 

pcriOrmcd.The tissue values were filtered and interpolated 

accordingly. 

B,c,clinc Shlft 

Aliasing of the Doppler frequc nq ' is common fOr the high
est veloci ties during the aortic o utflow. These values can 

be baseline shifted (unwrapped) to give the correct veloc

ity value. In areas where high velocity blood flow meets 
slowly moving tissue, the filtering and interpolation of the 

e~liased velocity values introduce veloci ty es timate erro rs. 

We corrected tOr tltis e fiCct by first baseline shifting the 

aliased values, then dividing the complex R(l )-argumcnt 

by 2 be fore doing the filtering and interpolation, a nd 

adjust i_ng the Nyquist veloci ty accon.lingly. 

VoluJnc Flow Calculation 

All velocity vecto rs in ~he resampled cross-sectional sur
t:tce were the compone nt s along the ultrasound beams. 

These vecto r components were perpendicular to the sur· 

fa ce. Dy integrating all veloci ties across the surf:1ce, it was 

possible to calculate the to tal blood volume flow indepen

dent of the angle between the ultraso und beam and the 
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Figure 6 Plots of one vertical line in Figure 5. A, The gray-level tissue values. B, The raw How data 
velocity (dotted lillc), and the tlltered llow values (solid li11c). Nyquist limit: -0.5. 

flow direction.The magnitude of the velocity vector com

ponent at each position (x, y) at time n was given by 

v,/x, y) ::: V 11J'lf · W 11 (..".:, y)/1t - v,,smt, n E [0, N- 1 ], 

x,yE Ux V (I) 

Here, v 11 was corrected for the velocity of the cross-sec
tional surface v,/1111. N is the number of time steps, and 

v 11yq is the Nyquist velocity (Figure 3). 
The instantaneous blood volume flow (the flow rate) 

through the region U x Vat time n, was given by 

U-1 V-1 

q(ll) = L: L: 611(11) . v, (k, l) 

k=O 1=0 

(2) 

where Ll4. is the area occupied by one velocity vector com
ponent. The size of this area was time dependent because 
the surface was allowed to move; it was given by the 
Doppler resampling resolution, which decreased with the 
distance from the probe. The velocity v

11 
was different 

from zero only when blood was detected. 

The total blood volume flow was found by integrating 
the blood volume flow curve 

N-1 

Q = 2: q(i)/c.t (3) 

1=0 

where Lit is the temporal resolution. \Vhen N equaled the 

length of the cardiac cycle, Q was the stroke volume (SV). 
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Figure 7 Mesh plots of aortic tlow velocity protile with aliascd velocities ncar the tissue border. The 
height of the mesh is proportional to the blood velocity. A, Overestimated border velocities. B, Border 
values decreased toward zero velocity by using the corrected baseline shift algorithm. 
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Figure 8 Plot of one line through the data in Figure 7. The solid wn>e is the protile with the overesti
mated border values, and the dotted curJJe is the corrected protlk that decreases toward zero. Nyquist 
limit: -0.5. 

The cardiac output (CO) was then the SV multiplied by the 

heart mte: CO = SV · fiJI. 

In Vivo Volume Flow 

Dynamic 3D data from the aortic outlet were collected 
from a healthy volunteer without evidence of cardiac dis· 

ease. We also calculated the CO by using the routine 

method as described by Skj:crpe. 1 

After transferring the raw digital ultrasound data from 

the scanner to the external computer, the instantaneous 

blood volume flow and the cardiac output were calculated 

from 2 different cross-sectional surface positions. First, the 

surface was placed in the aortic annulus, moving along 

with this structure throughout systole. Then the surface 

was placed 0.5 em above the annulus in start-systole and 

kept at that depth throughout systole (Figure 4). The last 

approach made a direct comparison with the P\V' Doppler 

method possible. 
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Figure 9 Three consecutive slices of aortic o utflow with a time resolution of 9.6 ms. 

Blood voUne !low c::tJrWI 
700 

1100 

1100 

I'"" 
I 
looo 

200 

100 

0 
0 !10 100 1!10 200 2!10 300 3!10 ..., 500 

Tlmo(-) 

Fig ure 10 In vivo blood volume flow curves from 2 different measurements, showing the aortic outflow 
during systole. Moving surf.1cc (solid li11e) and fixed surf,\Ce (dnshed li11e). CO, Cardiac output; SV, stroke 
volume. 

REsm:rs 

Raw Data 3D Reconstruction 

After filtering the separate r-aw tissue and Doppler 
data, the different velocities were color encoded and 
mixed with the gray-level tissue values. This pro
duced a color overlay image similar to normal 2D CFI 
(Figure 5). This tissue/ flow arbitration depended on 
the power of the signals. The moving myocardial tis
sue created positive Doppler frequencies (dark red), 
which were ignored after arbitmtion because of low 
signal power. The effect of filtering and arbitration is 

also shown in Figure 6, in which one line through 
the data was plotted. The dutter filter removed sig
nals with low frequency. This missing blood flow 
was seen near the tissue border (Figm e 5). 

Interpolation and filtering of raw Doppler data 
containing aliased blood velocities and tissue veloci
ties resulted in over-estimated flow border values. 
With the corrected baseline shift algorithm, this 
error was reduced (Figures 7 and 8). 

Successful acquisition and reconstruction of 3D 
color flow data were achieved with temporal resolu
tion of less than 10 ms (Figure 9). With a frame rate 
of 104 frames/s , the 3D data contained a total of 120 
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Figure ll Two velocity profiles in 2 diffcrellt persons trom the aortic outtlow in the peak systole with 
different characteristics. The velocity scale was detlned with the Nyquist velocity at -0.5. A, Flat proflle. 
B, Skew profile with higher velocities toward the intravcntricuhu- septum. 

time steps through the cardiac cycle. There were 31 
volumes with color flow data during systole. With 
this time resolution, the maximal timing error (jitter) 
between two consecutive slices in one 3D volume 
was 4.8 ms. 

Aortic Blood Volume Flow 

The instantaneous blood volume flow was calculat
ed from both the moving and the fixed surfaces 
(Figure IO).The fixed surface was placed in the same 
position as the sample volume from the PW Doppler 
method, giving comparable flow volume estimates. 
With the fixed surface, the CO was 4.5 L/min (SV = 
91.9 mL), whereas with the PW Doppler estimates, 
the CO was 4.0 L/min (SV = 87.0 mL). The moving 
surface resulted in a greater flow volume (CO= 5.5 
L/min and SV = 112.9 mL). In this case, the average 
velocity of the surface was used.The blood flow vol
ume represented by the movement of the annulus 
corresponded to II% of the cardiac output. 

We found that the velocity profiles in different per
sons had different shapes (Figure II), indicating that 
the form of the profile was subject to individual vari
ability. 

DISCUSSION 

Measurement of cardiac blood volume flow by the 
conventional Doppler method is an established clin
ical procedure. I It is easy to perform and gives an 
estimate of the cardiac output. There are, however, 
several shortcomings to this method. The Doppler 
velocity is measured from within a small sample vol
ume, and the cardiac output estimate is sensitive to 
the placement of this volume.I0The method assumes 

a flat velocity profile, but it has been shown that the 
flow velocity distribution in the aorta may have dif
ferent characteristics that can influence the velocity 
estimates of this method.l7 This was also illustrated 
by the 3D reconstructions in our study. In addition, 
the method is sensitive to errors in the tracing of the 
Doppler spectrum. 

Seveml techniques have been proposed to improve 
volume flow estimation on the basis of the principle 
of integmting velocity vectors across a surface. Sun et 
aJI3 estimated the volume flow rate by surface inte
gration of velocity vectors from 2 rotated planes. 
Poulsen and Kim 12 showed a similar method that used 
several rotated planes and was tested in an in vitro 
model. This method was also applied in vivo.IB 
Common for these methods was that the volume flow 
was estimated independently of the angle between 
the ultrasound beam and the blood flow. We also used 
this approach, but unlike the previously presented 
methods, our method used a full 3D data set consist
ing of raw digital color flow data to estimate and visu
alize the blood flow. By using high frame rates, it was 
not necessary to average the flow measurements from 
several consecutive cardiac cycles, as described earli
er.IZ.IB There were, however, still limitations to the 
accuracy with which we could measure the blood 
flow because of errors from Doppler velocity estima
tion, aliasing, and 3D reconstruction. 

The Doppler frequency shift from the backscat
tered ultrasound signal contains information from 
both moving blood and tissue (clutter). The separa
tion of blood and tissue moving at equal velocities 
was not possible, so this clutte1· filtering resulted in a 
loss of blood signals with low velocity. Too low a cut
off frequency for filtering clutter gave a bias in the 
estimate toward zero velocity. 
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Aliased velocities were overestimated at the bor
der between the tissue and the blood. This occurred 
when the unwrapped velocity values were averaged 
with slowly moving tissue velocity values. Correct 
unwrapping of the aliased velocities is difficult, espe
cially when flow in 2 directions occurs simultane
ously. In our calculations, however, we considered 
only flow in one direction at the time, making a base
line shift possible. 

It has been shown that the reconstruction errors 
for this freehand technique were smaller than the 
resolution of the original ultrasound beam 11 The jit
ter artif:tcts in the 3D reconstruction were at most 
10 ms when the frame rate was 50 frames/s. This 
introduced errors in the volume flow estimates; 
these errors were reduced by increasing the frame 
rate. As shown, it was possible to reconstruct 3D 
color flow data with a frame rate of 104 frames/s, 
reducing the jitter to a maximum of 4.8 ms. 

For gated 3D ultrasound, movement of the patient 
during acquisition results in reconstruction errors. In 
our study, this error was reduced by the short acqui
sition time (1 0 to 20 seconds). 

Poor detection of the myocardial tissue intro
duced uncertainty in the flow region de11nition and 
resulted in volume flow estimation errors. It was 
important to tilt the probe sufficiently to totally 
cover the flow and surrounding tissue area. 

The method has been evaluated in vivo in 18 per
sons by comparison with the 2D PW Doppler 
method,l1 and has shown good agreement with a 
mean difference of 0.3 L/min with the use of a fixed 
surface and 0.7 L/min with a moving surface. These 
results confirm the tendency given by the patient 
example in our study. Because the raw data were 
used in the reconstructions, and because the cross
sectional surface was clearly placed in relation to 
anatomic structures, one potential of this method is 
greater independence of the examiner than is possi
ble with the ordinary PW Doppler method. 

Limitations 

The acquisition method presented here required reg
ular heart rhythm during the scanning. Even though 
the scan time is short, there may not be sufficient 
time to cover the ;u·ea uf iuleresl fur pallents who 
are unable to hold their breath. In addition, the 
acoustic window must provide sufficient access to 

cover the whole flow region. 

Conclusion 

The method presented here enables calculation of 
blood volume flow versus time throughout the car
diac cycle in vivo with freehand 3D ultrasound with 
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the use of t~lw digital tissue and Doppler data. The 
3D reconstructed flow data had the same temporal 
resolution as the original 2D data. As many as I 04 
frames/s were achieved, reducing to less than 5 ms 
the reconstruction jitter artifacts, which were small 
compared with the physiologic beat-to-beat varia
tions.The blood volume flow through the LVOT was 
correctly measured with respect to the movement of 
the aortic annulus relative to the probe. The method 
was angle independent, and no assumption of the 
flow geometry was made. In addition, blood flow 
velocity profiles could be analyzed throughout the 
cardiac cycle. 

The authors thank Ditlef Martens 1 Christian Michelsen 
Rcsearch 1 Bergen, Norway1 for developing software for 
reconstruction of the 3D datal and Nancy Eik-Nes for revi
sion of the article. 
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Aims: To validate a new three-dimensional (30) colour 
now method used to calculate cardiac output (CO) in aortic 
and mitral blood now. 

Methods: The transducer was freely tilted transthoracically 
using a magnetic locating device recording its spatial pos
ition. Raw digital ultrasound data were recorded in healthy 
subjects during 10-20 heartbeats at a high frame rate 
ranging from 41 to 66 frames/s and analysed oll'-linc with 
110 loss in temporal resolution. Blood now velocities aligned 
with the ultrasound beam were integrated across a moving 
spherical surfltce to calculate volumetric flow. 

Results: The range of agreement between the 3D mitral 
and 3D aortic method was 0·04 ± 1·32 !/min (mean± 2 
standard deviations). The range of agreement between 30 
aortic flow and the two-dimensional (20) pulsed wave 
Doppler method (2D PW) in the left ventricular outnow 

Introduction 

Stroke volumes in the distal left ventricular outllow tract 
can be calculated from two-dimensional (20) echocar
diographic measurements of the subvalvular diameter 
and the velocity time integral (VTI). These calculations 
assume a flat velocity profllc and a circular outflow tract 
(LVOT)'''· Several studies have shown non-uniform 
velocity profiles in the LVOT'' ·•1. The 2D pulsed wave 
(PW) Doppler method is angle-dependent and measure
ment of' the angle between the Doppler beam and the 

~Correspo11di11g rwtlwl': B. 0. Haugen, Department of' Cardiology 
and Lung Medicine, Norwegian University of Science and Tech· 
nology, N·7006 Trondheim. Norway. 
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tract (LVOT) was 0·7 ± 1·71/min. while the range of' agree
ment between 30 mitral llow and the 20 PW method was 
0·88 ± 1·64 1/min. 

Conclusion: The 3D methods agreed well. The 3D volu
metric flow overestimated the 2D PW method, as expected, 
and the range or agreement was wide. The common pitfalls 
in pulsed wave ultrasound methods to calculate CO were 
avoided. as the 30 method was angle-independent, no 
assumptions about the velocity profile were made, and a 
moving sample surface was applied. The acquisition of data 
was lltst and easy and high temporal resolution was 
achieved. 
(Eur J Echocardiography 2000; 1: 204-212) 
cD 2000 The European Society of' Cardiology 

Key Words: three-dimensional colour !low; volumetric; 
cardiac output; high frame rate; freehand; ultrasound. 

blood 11ow is diflicuJtl'l. Further, blood now velocities 
arc sampled at a lixed depth throughout the cardiac 
cycle. The aortic annulus moves in the opposite direction 
during the systole and the resulting missing volume is 
not added to the stroke volume. Finally, calculation of 
the subvalvular diameter assumes a circular shape and 
errors in diameter measurements arc squared. 

Non-invasive measurements of' mitral blood llow also 
have a number of dilliculties; the biphasic diastolic 
filling, variation of' ell'ective !low area, the non
uniformity of the blood llow velocity prollle''' and the 
diastolic movement of the A V plane'"'· 

Several methods have been proposed to deal with 
some of these issues. The automated cardiac output 
method (ACM) introduced a method less sensitive to the 

(1] :woo The European Society of Cardiology 
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Figure 1. The angle independence was based on the 
following principle: due to misalignment between the 
Doppler beam(-- -arrow) and blood !low (-arrow) by 
an angle (0), the recorded velocity (---arrow) was 
under-estimated by cos (8). Further, if the measure 
surface(---) was misaligned with the LVOT (-)by an 
angle (0), the surface would appear wider by a factor of 
!/cos (0). Thus, the overestimation of the measure 
surface cancelled out the underestimation of blood flow 
velocities. Velocity vectors perpendicular to a spherical 
sampling surface and equidistant to the transducer were 
computed. 

va1 mt10ns in the blood !low velocity profile and the 
angle dependency of the Doppler beam17·"1. 

An angle-independent multiplane method to measure 
volumetric flow has also been described by Poulsen 
et a/.191. The principle of the angle independence of the 
Doppler beam is illustrated in Figure I. 

Kim et a/. have validated this concept by comparing 
measurements of volumetric mitral flow using multi
plane colour Doppler imaging to thermodilution11°1 and 
MRJill] 

We used a new freehand 3D-colour flow imaging 
method that has recently been describedll 2

·
13] The pur

pose of this study was to compare calculations of CO 
by using the 3D-colour flow method at the mitral flow 
area with measurements in the aortic annulus. Three
dimensional aortic and mitral volumetric flow was also 
compared to the conventional echocardiographic 
method (2D PW) in the L VOT. 

Methods 

Equipment 

A digital ultrasound scanner (System Five, GE Vingmed 
Ultrasound, Horten, Norway) with a 2·5 MHz phased 

array transducer was used for all echocardiographic 
measurements. A magnetic locating device (Flock of 
Birds, Ascension Technology Corporation, Burlington, 
VT, U.S.A.) continuously recorded the spatial position 
and orientation of the transducer during the recording. 
This system consisted of a tramsmitter that generated a 
magnetic field. The transmitter was located 25-60 em 
from the sensor, which was mounted on the transducer. 
These elements were connected to a control unit, 
which in turn was connected directly to the scanner. 
The control unit recorded the position of the sensor 
and the spatial position of each recorded frame, 
which was stored in the digital replay memory of the 
scanner. Digital raw ultrasound data were transferred 
to an external standard PC (Pentium II processor, 
256 MB RAM). Scanconverting and further processing 
were performed with a prototype version of the 
EchoPAC-3D software (GE Vingmed Ultrasound, 
Horten, Norway/ 141 and MATLAB (The MathWorks, 
Inc., U.S.A.). 

Data Acquisition and Processing 

Recordings of tissue were obtained by second harmonic 
imaging mode with a transmit frequency of 1·7 MHz. 
For colour flow imaging, the centre frequency of the 
transmitted pulse was 2·5 MI-Iz. 

The subjects were examined in the left lateral decubi
tus position. The subject rested 15 min before blood flow 
velocities were recorded. Prior to the 3D recordings, CO 
was measured by the 2D PW Doppler method. The 
diameter of the aortic annulus was measured close 
to the insertion of the aortic valve visualized in a 
parasternal long axis view. Blood flow velocities were 
obtained from the centre of L VOT as described 
by Rossvoll et af.1 21. Modal velocities were traced in 
the Doppler spectrum and the velocities under the 
curve were integrated giving the velocity time integral 
(VTI). CO was calculated by averaging three to five 
heartbeats. 

To reduce cardiac movement while acquiring 3D data, 
recordings were done in passive-held end expiration. 
Images and velocities were acquired from the trans
thoracic apical position in the five-chamber view. The 
sector angle was set to a minimum and the colour flow 
sector was minimized to obtain as high a frame rate as 
possible, but large enough to cover the LVOT or the 
mitral valve. The transducer was tilted in a fanlike 
manner from the posterior wall toward the anterior, or 
vice versa, during I 0-20 cardiac cycles to cover the 
entire flow area. For each frame, the sensor position 
co-ordinates, the digital ultrasound data and the ECG 
signal were stored in the digital replay memory. In 
EchoPAC-3D, frames with the same temporal delays 
relative to the R-wavc in the ECG signal were used to 
reconstruct 3D volumes throughout the cardiac cycle. 
Typically, an aortic recording obtained at 59 frames/s 
and heart rate of 61 beats per minute resulted in 17 

Eur J Echocardiography, Vol. I, issue 3, September 2000 
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Figure 2. A five-chamber view and colour flow in the 
LVOT. The white secto rs represen t additional slices 
within a 3D volume. The green area rep resents a spheri
cal cross-sectional level of measurement. All measured 
blood flow velocity vecto rs are perpendicular to this 
area. 

vo lumes during a systole and a mitral recordin g 12 
3D-volumes during diastole obtained at 46 framcs/s. 

Aortic Flow 

A spherica l cross-secti o nal surface (Fig. 2) was pos
iti o ned at the level of the septal inse rtio n of the aortic 
va lve identified in sta rt systo le and kept at this depth 
thro ugho ut the systo le (method A). Velocity vecto rs 
perpendicular to the surface and thus aligned with the 
ultrasound beam we re extracted from the 30 data and 
reorganized into 2D slices (Fig. 3) fo r consecutive time 
intervals. In the same manner, a spherical surface 0·5 em 
proximal to the annulus was applied (method B). 

In addition, we placed a spherical surface at the level 
of the annulus in the start systo le and end systole. By 
inte rpolat in g levels between these ex tremes, the spherica l 
surface tracked the aortic annulus throughout systo le. 
The velocity of this movement was ca lculated and added 
to the blood flow velocities. This was done by measuring 
the movement of the aortic annulus during systo le and 
the co rresponding time interval (method C). In this way 
we compensated for the underestimation of blood fl ow 
velocit ies , since the annulus moves in the opposite 
directio n of the fixed PW measure point during systole. 

Eur J Echocardiography. Vol. 1, issue 3. September 2000 

Figure 3. Cross-secti onal view of aortic flo w velocities 
perpendicular to the green area in Figure 2 encoded as 
colour now. 

In the 2D slice reconstruction (Fig. 3) we defined a 
regio n o f interest (ROI) at the onset of systo le and at the 
end systole, interpolating the slices in between , thus 
enabling us to remove blood flo w velocities from sur
ro unding vessels. In the MATLAB program the tissue 
and Doppler signa ls we re filtered, and aliascd blood fl ow 
velocities baseline shifted according to Berg el al. t" l. All 
velocity vectors perpendicular to the cross-sect iona l sur
face in each time step were integra ted, giving the total 
blood flow. 

Median frame rate in the 18 3D recordings was 59 
(range 45- 66) fram cs/s. Median temporal resoluti on was 
17 (ra nge 15- 22) ms. The jitter artefact , defined as 
timing erro r between two consec utive sl ices due to lack 
of synchroniza tio n between the ECG trigger and the 
image samplin g, ran ged from 7·6 to II ms. 

To in vestigate the repea tability of analyses, we con
ducted an intra-observer stud y. We repeated the CO 
calculations from the first 12 record ings at the fixed level 
o f the aortic annulus in MATLAB twice. An inter
obse rver study was also performed in MA TLAB in the 
I 0 first subjects. 

Mitral Flow 

The met hod was modified to enable volumetric calcu
la tions or the biphasic mitral Oow. In EchoPAC-3D, the 
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(A) (ll) 

Figure 4. Cross-secti ona l view of blood now velocities in mitral now perpendicu la r to the spherica l moving 
sample surface, encoded as co lour now. (A) The E wave or diastolic now; (13) The A wave o r diastolic now. 

start or the hea rt cycle was set to 300 IllS before the R 
wave in the ECG. A measure surf~t ce was positioned at 
the mid -level or the medial part or the mitra l va lve, i.e. 
- I em proximal to the mitral ring, and tracked the 
mitral valve throughout diastole. The E and A waves in 
mitral blood now we re treated sepa rately. The move
ment o r the mitral va lve plane during the E wave was 
not uniform, and to compensate for this a surface was 
ma nually placed a t the start , middle a nd end or the E 
wave. The surface depths were interpolated to enable 
movement of the surface. The start of the ea rly wave of 
mitral now was determined by the va lve opening and 
ended at the end o r the annulus movement with partly 
valve closure and no visible colour now. A similar 
proced ure was repealed during the at rial systo le; the 
onl y difference was that the surface depths were inter
po la ted between start a nd end or atria l now. The firs t 
and the last frame with visible colour now determined 
the atrial systole. Blood now velocity vecto rs were 
ext racted from the 3D data and reco nst ructed in 20 
slices, as illu st rated in Figure 4A a nd 413. In MATLAB, 
the velocity o r the va lve movement was added to these 
vectors and were integrated over time to calculate 
volumetric now. 

Med ian frame rate was 46 (range 4 1- 47) frames/s. The 
tempo ral resoluti on was media n 22 (ra nge 2 1- 24) ms 
a nd jiller artefact was median II (ra nge 10·5- 12) ms. 

An intra- and intcrobscrvcr ana lysis was conducted 
by repea ting anal ysis of the first II recordings 
obtained by 3D mitra l colo ur now imaging in MATLAI3 
twice. 

Subjects 

Reco rdings were acquired from 24 subjects, 16 men and 
eight women with no his to ry of cardiac disease. Median 
age was 26·5 (range 19- 48) years. All vo lunteers were in 
sinus rh ythm and gave informed consent to participate 
in the study. The institutional commillee on human 
research approved that the study was in accordance with 
th e Helsinki declaration. 

Aortic R ecordings 

One or the subjects was excluded due to unstable 
elect roca rdiogram (ECG ) and fi ve due to poor 
3D im age q uality. Thus, recordings from 18 were 
ana lysed to calcu late CO. In addition , in one of the 
subjects analysis of velocity vectors from a fi xed surface 
a t the level of the aort ic annul us were excluded prior to 
CO ca lcu la tion in MATLAB, due to poo r 3D-image 
quality. 

Eur J Echocardiogra phy, Vol. I , issue 3, September 2000 
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Jvfitml Recordings 

Three-dimensional mitral flow reconstruction was 
possible in 19 individuals and was compared to pulsed 
Doppler in the LVOT. The rest was excluded due to 
unstable electrocardiogram (ECG) or poor 30 image 
quality. Due to mismatch in successful 30 recordings of 
mitral flow vs. aortic, only 15 recordings were available 
for this comparison. 

Statistics 

The results were evaluated according to Bland and 
Altman, i.e. the difference between the two methods 
were compared with the average of the same twol 151. The 
results were given as mean of differences± two standard 
deviations (SO). Paired /-test was used to compare the 
difference in heart rate and the mean difference between 
the 30 methods and the 2 PW Doppler method. 
The level of significance was chosen at P<0·05. The 
coefficient of variability was defined as two SO. 

Results 

Aortic F/01v 

The range of agreement between method A and 
the 20 PW Doppler method was 0·2 ± 1·7 1/min 
(mean± 2 SO). Between method B and the 20 PW 
Doppler method it was 0·3 ± 1·51/min (mean± 2 SO), 
and between method C and the 20 PW Doppler method 
0·7 ± 1·7 1/min (mean± 2 SO). Plots of the dillcrcnce 
between the methods and their mean arc presented in 
Figure Sa-c. According to analysis, in the I 0 first 
recordings in method C the missing volume 
corresponded to 9'Y., of CO (95% Cl: 0-4-0·5) 1/min). 

There was no dillcrenee in heart rate during the 
recordings. Median heart rate during 20 PW Doppler 
recording was 63 beats/min. Median heart rate during 
30 recordings was 61 beals/min. 95% confidence inter
val for the difference in heart rate was (- 5·1-2·3). 

Intra-observer: the coc111cient of repeatability was 
0·61/min. One clear outlier was excluded (mean differ
ence of - 2 1/min). Inter-observer: the coellicicnt of 
repeatability was 0·91/min. 

Mitral Floll' 

The range of agreement between 30 mitral and 30 
aortic tlow was 0·04 ± 1·32 I/ min (mean differences± 
2 SO), and between 30 mitral blood flow and the 
20 PW Doppler method in the LVOT it was 
0·88 ± 1·64 !/min (mean of differences± 2 SO). 

Plots of the dillcrencc between I he methods and their 
mean arc presented in Figure 6a and 6b. 

Eur J Echocardiography. Vol. I, issue 3, September 2000 
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Figure S(a-c). Ditlcrence against mean for CO data. 30 
compared to the 20 PW Doppler method (20). Refer
ence lines arc mean of di!Tercnce and mean± two SO. 
(a) Three-dimensional moving surface following the 
aortic annulus compared to the 20 PW Doppler 
method. (0·7 ± 1·7) 1/min, 11= 18 (there arc two identical 
values in the plot). (b) Three-dimensional surfitce 0·5 em 
proximal to the aortic annulus compared to the 20 PW 
Doppler method. (0·3 ± 1·5) 1/min, 11= 18. (c) Three
dimensional surface in the level of the aortic annulus 
compared to the 20 PW Doppler method. (0·2 ± 1·71/ 
min, 11= 17. 

The volume due to movement of the valve plane 
during diastole constituted II% of the total volume. An 
example of conventional 20 PW Doppler from the 
L VOT compared to 30 aortic and mitral flow with 
and without the volume represented by the valve 
plane movement is presented in Table I. There was a 
significant dilferencc in mean CO between 30 mitral 
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Difference against mean for CO data 
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Figure 6. (a) Differences against mean lor CO data. Three~ 
dimensional mitral now compared to JD aortic annulus now. 
Reference lines arc mean of clifTcrcnccs and mean± two SD. 
The range or agreement was 0·04 ± 1·32 llmin (mean or 
differences± 2 SO). n= 15. (b) Difference against mean for CO 
data. Three~dimensional mitral now compared to the 20 PW 
Doppler method. The range or agreement was 0·88 ± 1·64 II 
min (mean or differences± 2 SO). n= 19. 

llow and now in the LVOT obtained by the 20 PW 
Doppler method. P=O·OO I and 95'Y,, Cl (0-4 to 1·24). By 
excluding the volume represented by the movement ol' 
the valve plane, the mean dii1Crcncc was non-significant: 
P=O·l7 and 95% Cl - 0·13 to 0·65. 

There was no significant diJTcrcncc in heart rate 
between the recordings or 30 mitral~ and 30 aortic now: 
P=0·44 and 95% Cl - 6·6 to 0·98. 

Table I. An example or conventional 20 PW Doppler 
from the LVOT compared to JD aortic and mitral now 
with and without the volume represented by the valve 
plane movement*. 

2D PW Doppler in the L VOT 
lD mitral !low with correction* 
JD mitral without correction* 
JD aortic !low with correction* 
JD aortic flow without correction·~ 

4·61/min 
5·8 1/min 
5·11/min 
5·5\lmin 
5·11/min 

There was a signiflcant dilfcrcncc in heart rate 
between the recordings or JD mitral now and the 
20 PW Doppler method in the L VOT: P=0·03 and 
95% Cl - 7·6 to - 0·5. 

lntra~observer: the coefl1cient or variability was 0·4 II 
min, with no bias. One clear outlier was omitted. Inter~ 
observer: the eoelllcient of variability was 0·7 1/min. One 
clear outlier was omitted (the same as in the intra
observer study). 

Discussion 

In this study, a transthoracic 3D~colour llow method, 
using a moving sampling surfncc, has been used to 
measure volumetric aortic and mitral llow. The 30 
method has several advantages compared to the conven
tional 20 PW Doppler method. The 30 method is 
anglc-indcpcnclcnt, and assumptions about geometry 
or the blood llow velocity prolile are not necessary. 

Eur J Echocardiography. Vol. !. issue 3. September :woo 
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Possible errors in measuring a correct subvalvular diam
eter are avoided. The acquisition time was short, ap
prox. 20 s, and by using digital raw data acquired at high 
frame rate, better temporal resolution than video based 
30 systems is ensuredll 21. By using a magnetic locating 
device combined with high frame rate imaging, allowing 
the transducer to be freely tilled over the region of 
interest during acquisition of digital raw ultrasound 
data, a full 30 dataset was obtained. The 30 freehand 
method using the Bird system enables manual correction 
during a recording to maintain optimal acoustic 
accesses. 

The only significant bias was observed, as expected, 
where the 3D-measure surface followed the aortic annu
lus or the A V plane and comparisons were made with 
the 20 PW method. The missing volume due to the 
aortic annulus movement during systole was not added 
to the 20 method. This volume constituted 9'!1,, of the 
CO according to our results. Similarly, the relative 
velocity of mitral blood flow is the sum of the blood ftow 
velocity and the rate of mitral annulus recoil toward the 
atrium. As the mitral annulus moves in the opposite 
direction of inflow, the inflow will be underestimated 
using a fixed measure surface. Several investigators have 
commented on this limitation to previous ultrasound 
mcthods[6

·
10

·
16

1. Kim el a/. calculated this underesti
mation to be 7'!1,, of cardiac outputll"l. In our study it 
was II% in healthy subjects. In f>tct, I 1% of the total 
16'Y,, in mean difTcrcnce between the 30 mitral flow and 
the 20 PW method in the L VOT can be explained by the 
volume represented by the movement of the valve plane. 
By excluding this volume, there was no significant bias 
between 30 mitral vs 20 PW Doppler estimates of CO. 

Another possible reason for the observed bias is the 
angle dependency of the 20 PW Doppler method. 

A problem in validation of new cardiac output 
methods is the lack of a 'gold standard'. We chose to 
compare our 30 CO measurements with a conventional 
20 PW Doppler method that is used by several groups 
and is the standard method in our hospital. The preci
sion of this method has been described prcviousJyl' 7·'"1. 
A range of agreements similar to our results has been 
reported in studies validating the 20 PW Doppler 
method in the LVOT vs. thermodilutionl'"l. The free
hand 3D-ultrasound imaging technique has been highly 
accurate in calculations of volumes in water filled bal
loons1'21 but has not been tested in roller pump models. 
However, by applying the method to volumetric 
measurements of both mitral and aortic flow in subjects 
without valve regurgitation, a close agreement would 
favour the accuracy of the method. Our method yielded 
a range of agreement between 30 mitral flow and 30 
aortic flow of 0·04± 1·321/min (mean of differences 
±2SD). 

A number of 20 ultrasound methods have been 
proposed to measure volumetric Oowll.22

·
23

1. However, 
all made assumptions about the effective flow area and 
the velocity profile that exhibit significant interindi
vidual variations151. Further, in the previous methods 
fixed sample volumes were used. Lewis el a/. used 
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the LVOT which yielded a range of agreement in 
CO measurements of 0·14 ± 1·28 !/min (mean of 
differences± 2 SO) in healthy individuals (based on 
data from Table I, n=24 patients without valve 
regurgi ta tion)123 1. 

Several investigators have reported good results by 
integrating velocity vectors perpendicular to a spherical 
surface, a principle that we have applied to a 30 
freehand method. Tsujino et a/.1 2"1 described the prin
ciple and applied it to large vessel phantoms. Sun 
et afi2'1 applied this principle to the human LVOT 
in vivo in two orthogonal planes and found that 
measurements correlated well with the Fick oxygen 
method. 

The ACM introduced a method less sensitive to angle 
errors and assumptions of the velocity profile but the 
sample volume remained fixed throughout diastole, as in 
the other mentioned methods. Further, recordings were 
obtained from two- and four-chamber views and aver
agcdl"l. Van Camp el a/.1241 used the ACM. Their study 
yielded a range or agreement between mitral now and 
flow in the LVOT of - 0·26 ± 1·261/min (mean of 
dilfcrcnccs ± 2 SO) using two imaging planes. Sun el a/. 
reported a higher agreement between mitral and aortic 
flow using the ACM method: - 0·09 ± 0·841/min (mean 
of differences± 2 sojl"l. 

As mentioned previously, Kim and Paulsen proposed 
an angle-independent multiplane colour llow method in 
which blood flow velocities were integrated across a 
spherical surface similar to our method. They used 
rotating stepper motor probes and asynchronous 
sampling of blood llow acquired at low frame ratel"'·''l. 
The probe must be kept at the same position during 
the recording to avoid artefacts in the reconstruction 
of the 30 volumes. In one study they compared a 
multiplanc method in mitral flow to MRI in the 
aorta ascendcns in healthy individuals. The range of 
agreement was 0·21 ± 0·831/min (mean of differences 
± 2SO)I"I. 

Limitations 

All the recordings in our study were acquired before any 
cvnluations of the 30 reconstruction were done. Thus, if 
the 30 reconstruction had been evaluated on-line, or 
ofT-line immediately after scanning each subject, a higher 
rate of success would have been achieved as a new, and 
presumably better, recording could replace the cor
rupted recording. It may be difficult to cover the region 
of interest due to limited access between the ribs. Com
bination of several 30 scans may solve this problem. 

Colour flow can be adjusted by various machine 
settings. By varying tissue gain, reject, compress and 
tissue priority to their extremes, overestimates in CO 
relative to the initial setting were maximum 67%. How
ever, such adjustments were obviously wrong, as tissue 
velocity signals were interpreted as Oow, or vice versa, as 
shown in Figure 7. Nevertheless, some of the variability 
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(A) (U) 

Figure 7. By changing tissue priority, variations in CO up to 67(Ytl were registered. However, 
as illustrated in (A), now virtua lly fl ooded the surroundi ng tissue and was obviously wro ng, 
compared to (B) that was used in the study. 

in o ur measurements of CO may be attr ibuted to 
adjustment problems. The proposed algo rithm to 
unwrap aliased velocities by Berg el atP 'l led to some 
loss of low blood fl ow velocities . To avoid a liasing, it is 
impo rtant to increase the pulse repetiti o n frequency. 

The method was not suitable to inves tigate persons 
wi th irregular RR interva ls, such as atri al fibrillation , as 
thi s would corru p t the 30 reco nstruc tion. Selecting the 
RR interva ls of interest durin g the reco rd ing may so lve 
th is problem. However, this was not a major limitation 
to o ur stud y, as on ly o ne of the d ropout s in o ur stud y 
was due to unstable ECG. Subjects who are unable to 
ho ld their breath lo r a sho rt period o f time will be 
excl uded, as a minimum of ti me is required to cover th e 
regio n o f in terest. 

Alth o ugh the acq uisit ion time was short , post
processing was time-consuming. Storage on the image 
replay buller too k around I min and tran sfer of raw 
data approx. 30 seconds. In the most time-consuming 
method in the aortic recordings (method C), 30 recon
struc tio n in EchoPAC 30 and processin g in MATLAB 
to calcu la te CO took I 0 m in . Acq ui siti o n and data 
process ing of mit ra l blood fl ow too k approx. 20 min 
a ltogether. As a tool fo r resea rch this is fa st eno ugh, but 
as a clinical tool on-line applications are required. 
However, the method is well suited fo r furth er auto
miza ti on with on-line measurement or CO. 

Fi nally, this study was conducted on yo ung hea lt hy 
volunteers, and o ne should be carefu l in generalizing the 
feas ibility of the method in a ll clinical settings. 

Conclusion 
T he range of agreemen t between 30 mitra l a nd 30 
aortic blood flow was good, with a bias of no more than 
0·04 1/min . The commo n p it fa lls in pulsed wave ult ra
so und methods to calcu la te CO were avoided , as the 30 
method was angle-indcpcnclcnt, no assumptions about 
the velocity profile were made, and a moving sample 
surface was applied. The acq ui siti on or data was fast and 
easy a nd hi gh tempora l resolu tion was achieved. 
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Aims: To describe the mitral blood llow velocity distribu
tion. we applied a freehand dynamic three-dimensional 
(3D) colour now method using a moving sample surface 
that followed the mitral apparatus during diastole. 

Methods: Nineteen healthy volunteers were studied. The 
ultrasound data were captured from 10---20 heartbeats at 
high frame rate {mean 46 framcs/s) while freely tilting the 
transducer in an apical position. A magnetic position sensor 
system recorded the spatial position and orientation of the 
probe. Blood flow velocities were integrated across a spheri
cal surface. In volumetric blood flow measurements this 
would yield angle independence of the Doppler beam. Raw 
digital data were analysed olr-Iine with no loss of temporal 
resolution. 

Introduction 

Both Doppler colour llow and MRI studies have been 
conducted to illuminate the uncertainly regarding the 
blood llow velocity distribution in mitral Jlow. Accord
ing to these studies, mitral blood llow does not pass 
through the mitral orifice with spatially homogenous 
velocities, i.e. the velocity profile is not natl' '1. The skew 
compromises the usc of pulsed Doppler in measure
ments of volumetric now. However, recordings from 
only one plane and a lixcd sample level relative to the 
transducer limited the colour llow studies. Furthermore. 
only velocity profiles from the early mitral blood !low (E 
wave) were studied. Low temporal resolution. a fixed 
level or measurement and long acquisition time limited 
the MRI study. 

Corre.v)(nu/ing author: B. 0. Haugen. DcpL of Cardiology. 
University Hospital of Trondhcim. Olav Kyrrcs gt 17, N-7006 
Trondhcim. Norway. 
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Results: The ratio of the maximum velocity time integral 
(VTI) to the mean YTI was mean 1·3 (range 1·1 ~I ·6). At the 
time of' peak !low the ratio of the maximum to the mean 
velocity was mean 1·5 (range 1·2--2·6). 

Conclusion: The blood llow velocity prolile was non
uniform. By using a single sample volume in Doppler 
measurements of the maximum VTI errors ranging from 
10 to 6(YX~ may be introduced in calculations of stroke 
volumes. 
(Eur .1 Echocardiograph)' 2000; I: 252-256) 
r: 2000 The European Society of Cardiology 

Key Words: three-dimensional colour llow: velocity 
proflles; high frame rate: freehand: ultrasound. 

A new freehand three-dimensional (3D) colour now 
imaging method using digital raw ultrasound data ac
quired at high frame rates has recently been presented I" 71. 

The purpose or this study was to usc a modification or 
this method to describe the velocity profile in the bipha
sic mitral blood llow. A spherical sampling surface that 
tracked the mitral valve throughout the diastole was 
applied in measurements of blood flow velocities. By 
using a single sample volume in Doppler measurements 
of the maximum velocity lime integral (VTI), potential 
errors may be introduced in calculations of stroke 
volumes. We wanted to assess this potential error. 

Methods 

Subjects 

All subjects gave informed consent to participate. The 
study was in accordance with the regional committee on 

(, 2000 The European Society or Cardiology 





human research and the Helsinki declaration. Twenty
four subjects were included in the study. Mean age 
was 27·8 (range 19·-48) years. Five were exluded due 
to poor quality of 3D reconstruction or unstable 
clcctrocadiogram. 

Equipment 

The 3D-colour flow method has been described in detail 
elsewhere and has been applied to calculation of cardiac 
output in the aorta and mitral valvet•-"'. In this study, 
modifications were made to enable calculation of a 
variety of parameters used to describe the blood flow 
velocity distribution, such as the maximum velocity, the 
mean velocity, the visualization of these, and calculation 
of the maximum VTI and the mean VTI. A digital 
ultrasound scanner (System Five, GE Yingmed Ultra
sound, Horten, Norway) with a 2·5 MHz phased array 
transducer and a magnetic locating device (Flock of 
Birds, Ascension Technology Corporation, Burlington, 
VT, U.S.A.) were used for data acquisition. Post
processing of data was performed on an external stan
dard PC with a prototype version of the EchoPAC-3D 
software (GE Vingmcd Ultrasound, Hortcn, Norway)171 

and MATLAB (The MathWorks, Inc., U.S.A.). 

Data Acquisition 

The subjects were examined lying in the left lateral 
position. The recordings were made in passively held 
expiration. In an apical view, the transducer was tilted in 
a fanlike manner during I 0-20 heartbeats to cover the 
entire mitral flow area. 

Data Processing 

In EchoPAC-3D, the start of the heart cycle was set to 
300 ms after the R wave in the ECG in order to 
encompass the entire diastole. The temporal resolution 
of the 2D data defined as the inverse value of frame rate 
was preserved in the 3D dataset and ranged from 22 to 
24 ms corresponding to a maximum temporal jitter of 
± 11-12 ms between the scan planes in the 3D volumes. 
A spherical cross-sectional surface was positioned at the 
mid-level of the medial part of the mitral valve and 
tracked the mitral valve throughout diastole. The E 
wave and atrial blood flow (A wave) were treated 
separately. Blood flow measured by Doppler gave 
velocities relative to the ultrasonic probe. In order to get 
correct velocity values, representing the flow through the 
valve, the movement of the mitral valve should be taken 
into account. In MA TLAB, the blood flow velocities 
were calculated relative to the moving spherical surl>1ce 
and true blood flow velocities through the mitral valve 
were obtained. The b-modc and colour Doppler signals 
were filtered separately, and aliascd blood flow velocities 
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baseline shifted according to Berget {t/.1 51. In this way a 
distribution of the blood velocity component perpen
dicular to a spherical surface close to the mitral valve 
was obtained at any time instant through the cardiac 
cycle. By integrating this velocity distribution over 
the surface, instantaneous volume flow was obtained 
independent of the Doppler beam angle. 

As a quantitative assessment of the velocity distribu
tion, the ratio of the maximum velocity (max V) to the 
mean velocity (mean V) at peak flow described any 
possible skew. Further, the location of maximum vel
ocity and mean velocities in each slice were visualized 
(Fig. 1). 

To assess the sensitivity of sample-volume position in 
PW-Doppler measurement, the VTI was calculated at 
each point of the spherical surface covering the mitral 
orifice. The time interval for integration could be manu
ally adjusted by the operator to select diastolic E wave, 
A wave, or the whole cardiac cycle. Integration of VTI 
over the surface gives the total volume passing through 
the mitral valve during the integration time interval. The 
ratio of the maximum VTI to the mean VTI was 
compared and illustrates the potential error by measur
ing the maximum VTI with Doppler from a single 
sample volume in calculations of stroke volumes. 

Results 

The velocity profiles were variably skewed. The ratio of 
the maximum VTI to the mean VTI was mean 1·3 (range 
1·1-1·6). By assuming that the mean VTI is the correct 
estimate in volumetric calculations using Doppler, the 
usc of the maximum VTI would lead to errors ranging 
from 10 to 60'X,, with an average of 30%. At the time of 
peak flow the ratio of the maximum to the mean velocity 
was mean 1·5 (range 1·2 to 2·6). The data arc presented 
in Table I. 

The location of the mean velocity and maximum 
velocity was followed throughout diastole, as illustrated 
in Figure I. Most often the maximum velocities at peak 
flow were located anteriorly (Fig. 2). 

Discussion 

In this study, the mitral blood flow velocity profile in 
humans has been described using a new 3D colour flow 
method with a moving sampling surface that tracked the 
mitral flow channel throughout the diastole. The 3D 
data were captured in a f~tst and easy manner by using a 
freehand magnetic locating device. Raw digital data 
were acquired at high frame rates that improved tem
ponll resolution. The velocity profiles yielded a variably 
skew with the highest velocities located anteriorly. 
Measurements of the maximum VTI would overestimate 
calculations of stroke volumes as described in previous 
studies. 

Eur 1 Echocardiography. Vol. 1, issue 4, December 2000 
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Figure I. Examples of three-dimensional velocity profiles from peak flow in early diastole, late in the E wave and 
during the A wave. The height of the profiles is proportional to blood flow velocities. The corresponding 20 slice 
is located below each profile. LVOT=left ventricular outflow tract. Colour codes: red=mean velocity; 
green=maximum velocity. 

The first study that described the mitral velocity 
profile was conducted invasively in dogs, using the Pi tot 
principJel'l. At the level of the mitral annulus the profile 
was flat , i.e. plug flow. At the valve outlet, a skew was 
described in mid and late diastole. 

The initial studies regarding the skew in the mitral 
velocity profile in humans were based on ultrasound 
colour flow imaging from only one plane''·21. Samstad 
et af.121 found that the maximum VTI in the E wave 
overestimated the mean VTI by 45'Yo and a wide inter
individual variability (20- 120%) in normal subjects. 
Thus, the assumption that mitral blood flow is plug flow 
was no longer valid. However, the A wave was not 
included in this study and a fixed level of measurement 
was used as opposed to our 30 method. The highest 
velocities were located anteriorly, as confirmed by our 
findings. The skew at peak flow, described as maximum 
velocity/mean velocity at peak flow, was similar in both 
studies, 1·6 (range I -4- 2·2) I'S. 1·5 (range 1·2- 2·6). The 
maximum VTI/mean VTI was Jess in our study, 1·3 
(range 1·1 - 1·6). The reason for this difference may be 
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due to several factors, such as dilferences in the study 
population, recordings from only one plane in the 
conducted 20 study, and errors due to transducer 
movement and fixed sample volumes. 

A pulsed wave Doppler technique has been applied in 
studies of mitral velocity profiles in pigs'"'· A skewed 
profile a! the level of the annulus and leaflet tips was 
described and the importance of these findings in calcu
lations of cardiac output was illuminated. However, the 
method was hampered by several fi1ctors. It was inva
sive, as the probe was placed onto the cpicard and the 
acquisition time was long, 30-40 min l's. approx. 20 s in 
our study. Finally, when using this rotational method it 
is vital to maintain a stable position during recording to 
avoid reconstruction artifacts. Preliminary results from 
20 colour flow imaging using frame rates of 80- 90 
frames/s have been presented. Biphasic flow was studied 
and the findings were similar to ours, but were limited by 
recordings from only one plane''"'· 

Real-time 30 imaging is a promising tool for acquisi
tion of ultrasound data. Although the acquisition time is 
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Table I. Quantitative assessment ol' the blood now velocity distribution. 

Subject Max V Mean V Max V/Mcan V Max YTI Mean VTI Max YTI/Mcan YTI 

77-1 57·9 1·3 13-4 10·6 1·3 
76·1 56·3 1-4 14·1 11·0 1·3 
84·9 43·1 2-0 110 7-7 1·4 
81·7 68·6 1·2 12·0 10·2 1·2 
87-7 55·2 1·6 15·3 12-4 1·2 
80·1 58·7 1-4 14·6 11-4 I 3 
78·3 63·0 1·2 6·9 5·8 1·2 
77-9 44·7 1·7 13·5 12·0 1·1 
83·5 51·9 1·6 12·3 9-4 1·3 

Ill 83-0 57·1 1·5 12·8 9·8 1·3 
II 64·7 44·6 1·5 10·2 8·3 1·2 
12 98·0 67·0 1·5 10·1 7·6 1·3 
13 110-4 63·2 1·7 12·0 8·3 1-4 
14 59·8 45·5 1·3 11·1 9·0 1·2 
15 51·1 39·2 1·3 11·6 9·3 1·2 
16 123·9 99·9 1·2 25·6 16·0 1·6 
17 98·1 38·2 2·6 21·9 14·1 1·6 
18 77-8 61·1 1·3 15·8 12-8 1·2 
19 67·1 54·9 1·2 16·3 11·0 1·3 
Average 82·2 56·3 1·5 11·7 10·4 1·3 
Min 51·1 38·2 1·2 6·9 5·8 1·1 
Max 123·9 99·9 2·6 25·6 16·0 1·6 

V=vclocity. VTI=vclocity time integral. Mean V=mcan velocity at time of peak Oow. 

short. the technique which is based on 2D phased array 
matrix is still hampered by limited spatial and temporal 
resolution'"'· Another technique, based on l'ast rotating 
phased array probe for real-time 30 acquisition, has 
recently been described by Djoa et af.l"l. High l'rame 
rate combined with l'ast rotation ol' the probe resulted in 
16 3D tissue volumes/s. To our knowledge, the methods 
have not yet been applied to quantitative analysis or 
now. 

Detailed complete cross-sectional velocity profiles 
have been described by MRI. Kupari et a/.131 l'ound 
marked spatial inhomogeneity in normal humans that 
conllnned the results f"rom the ultrasound studies. The 
maximum velocity was in the anterior annulus in the E 
wave shirting postcromcdially in late diastole. However, 

MaxV Position 

Figure 2. The appearance of maximum velocities 
(Max V) at peak now in each ol' the live areas in the 
llow region was counted and summarized. Number of 
subjects= 19. 

the temporal resolution was limited, 30-40 ms as op
posed to 22-24 ms in our 3D dataset. Furthermore, the 
sample volumes were fixed. Finally, the acquisition time 
was long, up to 256 heart cycles vs. 10--20 in our study. 
Fujimoto et af.''JI described a skew with the highest 
velocities located to the septal side. They concluded that 
this skew was of minor importance. However, the tcm
pontl resolution was low, up to 50 ms, and they may 
have missed the peak values in the E wave. Others have 
described the mitral velocity prolilc using MRI with 
improved temporal resolution (28 ± 4 ms (SD)/'"·"1. 
However, only velocities across one diameter were 
studied. Houlind el af.l"l confirmed the variable skew in 
the E wave that would compromise calculations of llow 
!'rom single point velocity measurements. Kim et af.l 14 ! 
described the profile as llat in the mitral orifice and 
slightly skewed at the level of the mitral valve tips, with 
the maximum velocities located posteriorly. 

Study Limitations 

Five subjects were excluded due to unstable ECG or 
poor 3D reconstruction. This was discovered during 
post-processing of the data, which was conducted after 
all data from all subjects were acquired. Thus, by 
evaluating the 3D reconstruction immediately al'tcr the 
recording, a new recording can be acquired to replace 
the corrupted one. 

The described method is not suitable in for subjects 
with irregular heart rhythm or those unable to hold their 
breath for a short period of time. Limitations in 
detection and accuracy ol' the blood now estimate due to 
jitter artcl~1ct and aliasing arc discussed elsewhcrcr4 1. 
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Conclusion 

In summary, we have described the velocity profile in 
human mitral blood flow by using a new freehand 
3D-colour tlow imaging method. Blood flow velocity 
vectors were measured through a moving sample surf~1cc 
that followed the mitral apparatus throughout the dias
tole. Raw ultrasound data were obtained at high frame 
rate and analysed, which yielded a better temporal 
resolution. 

A non-uniform blood flow velocity profile was found. 
By using a single sample volume in Doppler measure
ments of the maximum VTI, errors ranging from 10 to 
60'1,, may be introduced in calculations of stroke 
volumes. 
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Abstract: 

Background: The use of a single sample volume in Doppler measurements of 

the velocity time integral (VTI) may introduce errors in calculations of stroke 

volumes, shunts, regurgitate fractions and aortic valve area. To study the blood 

flow velocity distribution and assess this potential error, we used a dynamic 

three-dimensional (3D) color flow imaging method. 

Methods and results: 17 healthy volunteers were studied. The ultrasound data 

were captured from 10-20 heartbeats at high frame rate (mean 57 frames/s) 

while freely tilting the transducer in the apical position. A magnetic position 

sensor system recorded the spatial position and orientation of the probe. The 

raw digital ultrasound data were analyzed off-line with no loss of temporal 

resolution. Blood flow velocities were integrated across a spherical surface that 

tracked the aortic annulus during systole. 

The mean ratio of the systolic maximum to the systolic mean VTI was 1 ,4 

(range 1 ,2 to 1 ,5). At the time of systolic peak flow the mean ratio of the 

maximum to the mean velocity was 1,5 (range 1,1 to 2,0). 

Conclusion: The blood flow velocity profile was non-uniform and generally 

skewed towards the septum. By using a single sample volume in Doppler 

measurements of the VTI errors ranging from 20 to 50 % may be introduced in 

calculations of stroke volumes. 

Key words: velocity profiles, three~dimensional, high frame rate 
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Introduction: 

Knowledge of the velocity distribution in the aortic annulus is of great 

importance to the clinician due to several reasons: The pulsed wave Doppler 

technique in measurement of stroke volumes assumes a flat profile [1]. Errors 

can be introduced as the sampled velocities over- or underestimate the mean 

velocity time integral. This technique is applied to calculation of stroke volumes 

in the left ventricular outflow tract (LVOT), the pulmonal artery and mitral orifice 

and will affect calculations of shunts [2] and regurgitate fractions [3,4] as well. 

Further, any error in measurement of velocities in the LVOT will influence 

calculations of the aortic valve area in aortic stenosis when using the equation 

of continuity [5]. 

Invasive techniques such as perivascular pulsed wave (PW) ultrasound Doppler 

[6], intraluminal PW ultrasound Doppler [7,8] and hot-film anometry [9] as well 

as MRI [10-12] have been used in studies of velocity profiles in the ascending 

aorta. Non-invasive ultrasound [13-16] and MRI [17] have been used in studies 

of the velocity profile in the LVOT and the aortic annulus and have shown that 

the profile in the distal left ventricular outflow tract and the aortic annulus is 

skewed with the highest velocities located toward the septum. However, 

recordings from only one or two cross sectional planes were limitations to the 

ultrasound color flow studies. Further, blood flow measured by Doppler gives 

velocities relative to the direction of the ultrasound beam propagation. In order 

to get correct velocity values, representing the flow through the valve, the 

movement of the annulus should be taken into account. Similarly, low temporal 

resolution, a fixed level of measurement and long acquisition time were 
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limitations to the MRI study [17]. We wanted to apply a freehand three

dimensional (3D) color flow imaging method [18-19] using digital raw 

ultrasound data acquired at high frames rate to assess the blood flow velocity 

distribution in the aortic annulus. Blood flow velocities were measured through a 

spherical surface that followed the movement of the aortic annulus during 

systole. 

Methods: 

Subjects: 

Twenty-four subjects, 16 men and 8 women with no history of cardiac disease 

were included in the study. Mean age was 27,8 (range19-48) years. All the 

recordings were acquired before the quality was evaluated off-line. Seven 

subjects were excluded. One was excluded due to unstable electrocardiogram 

(ECG) and 6 due to poor 3D-image quality. All subjects had sinus rhythm. The 

regional committee on human research approved the study that complied with 

the Declaration of Helsinki. All subjects gave informed consent to participate. 

Equipment: 

A digital ultrasound scanner (System Five, GE Vingmed Ultrasound, Harten, 

Norway) with a 2.5 MHz phased array transducer and a magnetic locating 

device (Flock of Birds, Ascension Technology Corporation, Burlington, VT, 

USA) were used for data acquisition. The Flock of Birds tracked the spatial 

position and orientation of the transducer during the recording. Further 



processing was performed in an external standard PC with a prototype version 

of the EchoPAC-3D software [20](GE Vingmed Ultrasound, Harten, Norway) 

and MATLAB (The MathWorks, lnc.USA). This new 3D high frame rate color 

flow imaging technique has been described in detail in previous studies 

[18, 19,22]. 

Data acquisition: 

6 

The subjects were examined in the left lateral recumbent position. Each subject 

rested 15 minutes before blood flow velocities were recorded. The recordings 

were made in suspended end-expiration to reduce cardiac movement while 

acquiring 3D data. 

Recordings of tissue were done in second harmonic imaging mode with a 

transmit frequency of 1. 7 MHz. In color flow imaging mode the center frequency 

of the transmitted pulse was 2,5 MHz. 

High frame rate was achieved by minimizing the tissue- and color flow sector. 

Mean frame rate in the 17 three-dimensional recordings was 57 (range 45 - 66) 

frames/s. 

The transducer was tilted from the posterior towards the anterior wall during 10-

20 cardiac cycles. In this manner, the entire aortic annulus was intended to be 

covered. Each frame was stored with the corresponding position co-ordinates 

and the ECG signal in the digital replay memory of the ultrasound scanner. 

Data processing: 

Raw digital ultrasound data were transferred to a PC and analyzed off-line. 
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Corresponding frames relative to the R-wave in the ECG were used to construct 

3D volumes. In a five-chamber view the aortic valve was identified and a 

spherical cross sectional surface was positioned at the level of the septal part of 

the valve. This surface followed the movement of the aortic annulus throughout 

systole. In MATLAB, the blood flow velocities were calculated relative to the 

moving spherical surface, and true blood flow velocities through the annulus 

were obtained. Velocity vectors perpendicular to the surface, aligned with the 

ultrasound beam, were extracted from the 3D data and reconstructed in 20 

slices as illustrated in fig 1. The tissue and Doppler signals were filtered, and 

aliased blood flow velocities baseline shifted according to Berg et al. [19]. 

As a quantitative assessment of the velocity distribution, any possible skew was 

described by the ratio maximum velocity time integral (VTI) to the systolic mean 

VTI. The maximum velocity systolic peak flow was measured and compared to 

the mean velocity at the same time. Further the location of maximum velocity 

and mean velocities in each 2D slice were visualized as shown in fig 1. Finally, 

the location of the maximum and mean VTI was visualized as shown in fig 2c. 

Results: 

The mean ratio of the maximum systolic to the mean VTI was 1 ,4 (range 1 ,2 to 

1 ,5). At the time of systolic peak flow the mean ratio of the maximum to the 

mean velocity was 1,5 (range 1,1 to 2,0). 

The results are presented in table 1. The mean VTI was located along the brim 

of the annulus while the maximum VTI was most often located toward the 

septum, as illustrated in fig 2. The velocity profile is visualized as a mesh plot 
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and as color flow in 2D slices extracted from the 3D data set. The location of the 

maximum velocity and the mean velocity at the same time was followed in each 

2D slice throughout systole, as illustrated in fig 1. Most often the maximum 

velocity at peak flow and the maximum VTI were located toward the septum (fig 

3). 

Discussion: 

This study shows the possibility to describe the 3D-velocity profile with 

ultrasound in the aortic annulus with a moving sampling surface. Several 

investigators have commented on this limitation to previous ultrasound 

methods. Kim et al [21] calculated this underestimation to be 7% of cardiac 

output in mitral blood flow. In calculations of volumetric flow in the aorta, blood 

flow velocities are also underestimated since the annulus moves in the opposite 

direction relative to a fixed measure point during systole. This volume 

corresponded to 9 % of CO (95% Cl (0,4 to 0,5) 1/min) in healthy individuals [22] 

. Another advantage of our new method is a better temporal resolution than 

reported by Kupari et al [17], i.e. 15-22 ms in our study vs. 30-40 ms, which will 

enhance the quality of the measurements. 

Our study also confirms earlier 2D ultrasound studies that described the velocity 

profile as skewed in the aortic annulus, as shown by the fact that the mean ratio 

of the maximum to the mean velocity at the time of peak flow was 1 ,5. The 

described ratio was higher than previous color flow methods from healthy 

subjects [13-14]. One explanation might be that the sample surface in our study 

was spherical and not necessarily perpendicular to the aortic root axis as 



opposed to the previously mentioned color flow studies. In systole, blood flow 

velocities might be detected earlier in the lateral part of the annulus than 

towards the septum. Further, due to the sweep time delay, the change in 

recorded blood flow velocities from one side of the sector to the other would be 

maximum 0.17 m/s at 57 frames/sand blood flow acceleration of 10 m/s2
. 

However, the VTI is unaffected by this and the ratio of the maximum VTI to the 

mean found in our study was similar to the study by Zhou at al [14]. 

9 

The maximum velocities and VTis were most often located toward the septum 

and these findings confirm previous studies [13, 14, 17]. The mean VTI was 

located along the brim of aortic annulus. The reason for the somehow 

peripherally location of the mean VTI was that blood flow velocities decreased 

sharply toward zero close to the arterial wall. The blurring of the tissue border in 

the 2D-slice reconstruction of the mean VTI enhanced the impression of a 

location in the periphery (fig 2 c). This was due to movement of the anatomical 

structures and some change in shape during the cardiac cycle (fig 2 a,b). 

Several slices were averaged to illustrate the position of the mean VTI. 

This study does not implicate changes in the current practice regarding the 

traditionally Pulsed Wave Doppler technique [1] as a spherical measure 

surface that tracked the annulus throughout systole was applied in our study. 

These methods are not directly comparable, but our results must be taken into 

account when calculations of stroke volumes are based on recordings with 

pulsed wave Doppler from a single sample volume. Previous studies have 

concluded that blood flow velocities in the center of the annulus should be 

measured with PW Doppler. However, the Doppler sample volume is fixed 
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during recording of blood flow velocities, but the heart is moving. Thus, the PW 

Doppler volume is not really recorded from one particular position in the 

annulus. According to our results, the mean VTI is located along the brim of the 

annulus and the ratio maximum VTI/mean VTI illustrate the range of possible 

errors due to blood flow measurements in calculations of stroke volumes based 

on the 2D PW Doppler method. 

Several ultrasound methods have been proposed to deal with the problems 

related to a skewed and non-uniform velocity profile in volumetric calculations. 

Spatia-temporal integration of blood flow velocities is a way to avoid this 

obstacle. Kim et al applied a transthoracically multiplane method in calculations 

of volumetric mitral blood flow in humans and showed close agreement with 

MRI in the aorta ascendens [23]. Preliminary reports using digital color Doppler 

acquired with multiplane transesophagal probes in volumetric calculations in 

vitro or in vivo in open chest animals have recently been presented [24-27]. 

These methods showed close correlation with electromagnetic flow probes. 

Our 3D-color flow method has also been validated in calculations of volumetric 

flow [22]. The common pitfalls in pulsed wave ultrasound methods to calculate 

CO were avoided, as the 3D method was angle independent, no assumptions 

about the velocity profile were made and a moving sample surface was applied. 

The acquisition of data was fast and easy and high temporal resolution was 

achieved. These studies suggest that 3D-color flow imaging may turn out to be 

a valuable clinical tool in calculation of cardiac output and regurgitatant 

fractions. 

However, our study was limited by several factors: 
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It may be difficult to cover the entire region of interest due to a limited acoustic 

window. The method is not suited to investigate subjects with irregular heart 

rhythm such as atrial fibrillation or those unable to hold their breath for a short 

period of time. The velocity profile was only close to instantaneous due to 

sweep time delay in the color flow image, but this error was limited by the high 

frame rate. 

In conclusion, we have described the three-dimensional velocity profile in the 

aortic annulus based on a new dynamic 3D-color flow method. High frame rate 

improved the temporal resolution and blood flow velocities were measured 

through a spherical surface that followed the annulus throughout systole. The 

blood flow velocity profile was non-uniform. The maximum velocity and Vfl was 

located toward the septum and the mean VTI was located along the brim of the 

aortic annulus. By using a single sample volume in Doppler measurements of 

the maximum VTI errors ranging from 20 to 50 % may be introduced in 

calculations of stroke volumes. 
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Figure legends: 

Fig 1. Examples of three-dimensional velocity profiles from early systole, peak 

flow and late systole. The profiles are visualized as a mesh plot and encoded as 

color flow in 2D slices extracted from the 3D data. The height of the mesh plot is 

proportional to blood flow velocities. The corresponding 2D slice is located 

below each mesh. Red= mean velocity. Green= maximum velocity. RV= right 

ventricle. LV= left ventricle. 

Fig 2. An example of the location of the mean (red) and max VTI (green) within 

the annulus (c). The tissue slices were averaged to constitute the anatomical 

frame around the mean and max VTI. Two tissue slices from early (a) and late 

systole (b) are shown to explain the blurring of tissue in the averaged slice (c). 

This was due to movement of the anatomical structures during the systole. RV= 

right ventricle. LV= left ventricle. AO= aortic annulus. 

Fig 3. The appearance of maximum velocities (Max V) at peak flow and 

maximum VTis (Max VTI) in each of the five areas in the annulus was counted 

and summarized. Number of subjects =17. 
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Subject Max Mean Max Max Mean Max Velocity Time 

No Velocity Velocity Velocity Velocity Velocity Integral /Mean Velocity 

cm/s cm/s /Mean Time Time Time Integral 

Velocity Integral Integral 

em em 

1 123,3 91,0 1,4 19,6 15,3 1,3 

2 97,9 60,9 1,6 20,4 13,8 1,5 

3 80,8 60,6 1,3 17,8 14,1 1,3 

4 128,0 95,0 1,3 32,1 23,0 1,4 

5 124,3 86,2 1,4 23,6 18,8 1,3 

6 115,3 80,0 1,4 22,9 16,5 1,4 

7 131,6 91,2 1,4 27,1 19,3 1,4 

8 99,4 74,1 1,3 19,8 15,2 1,3 

9 113,6 57,6 2,0 21 '1 14,0 1,5 

10 79,7 47,7 1,7 19,0 12,9 1,5 

11 103,9 82,2 1,3 21,8 17,8 1,2 

12 105,1 80,6 1,3 24,0 18,7 1,3 

13 110,7 88,1 1,3 24,3 18,0 1,4 

14 111,6 71,0 1,6 27,6 19,7 1,4 

15 110,2 97,0 1 '1 27,2 21,9 1,2 

16 108,2 71,4 1,5 19,7 14,4 1,4 

17 114,1 64,6 1,8 28,3 18,7 1,5 

Average 109,3 76,4 1,5 23,3 17,2 1,4 

Max 131,6 97,0 2,0 32,1 23,0 1,5 

Min 79,7 47,7 1 '1 17,8 12,9 1,2 

Table 1.Quantitative assessment of the blood flow velocity distribution 
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