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Zusammenfassung

v

Ziel: Frithere Versuche, mithilfe von zweidimen-
sionalen Sonogrammen die fetale Gesamtperfu-
sion zu berechnen, scheiterten an methodischen
Grenzen. Daher wird zur fetalen Beurteilung
noch heute die Bestimmung des Resistance-In-
dexes der Nabelarterie benutzt, wenngleich des-
sen methodische Basis unzureichend ist. Wir ent-
wickelten daher ein neuartiges Verfahren der
Flussvolumenkalkulation aus dreidimensionalen
Farbdoppler-Bildern der Nabelschnur, welches
hier vorgestellt wird.

Material und Methoden: Aus 281 dreidimensiona-
len Farbdoppler-Bildern der Nabelschnur von 124
Einlingen in der 23. -41.Schwangerschaftswoche
wurden mit der PixelFlux-Software der Raumwin-
kel der Nabelvene und deren horizontale Quer-
schnittsfliche pixelweise bestimmt. Daraus wurde
der Volumenfluss errechnet. Zur Evaluierung der
PixelFlux-Methode wurden Phantomflussmessun-
gen vorgenommen.

Ergebnisse: Die Phantomflussmessungen er-
brachten eine hochsignifikante Korrelation der tat-
sdchlichen und der mit der PixelFlux-Methode
ermittelten Flussvolumina (p<0,001; rPearson
=0,987 -0,991) bei einer exzellenten Interobser-
ver-Korrelation (p<0,001; rPearson=0,997). Wir
konnten einen signifikanten Zusammenhang der
raumwinkelkorrigierten fetalen Globalperfusion
mit dem Fetalgewicht (r=0,529 bei Raumwinkeln
kleiner 30° bis zu r=0,724 bei Raumwinkeln klei-
ner 5°) und der Schwangerschaftsdauer nachwei-
sen, einen signifikanten Einfluss des Raumwinkels
auf diesen Zusammenhang (p=0,003; r=-0,865)
sowie den Effekt der maximal darstellbaren Fluss-
geschwindigkeit auf die Messungen beschreiben.
Schlussfolgerung: Die neuartige Methode der
raumwinkelkorrigierten fetalen globalen Perfu-
sionsmessung iiberwindet methodische Schwa-
chen herkémmlicher Verfahren der fetalen
Perfusionsbeurteilung, ist schnell und einfach

Abstract

v

Purpose: Early attempts to calculate fetal global
perfusion used 2D images. The results were not
sufficiently reliable. That's why RI measurements
are still in use despite the fact that they do not re-
flect the amount of blood passing through the fe-
tus. We present a novel three-dimensional ap-
proach to overcome these limitations.

Materials and Methods: In 124 singleton preg-
nancies between the 237 and 4% gestational
week, a three-dimensional color Doppler sono-
graphic record of the umbilical cord was made,
resulting in 281 volume data sets. With dedicated
software (PixelFlux) the spatial angle of the umbi-
lical vein was calculated and the true global fetal
perfusion was calculated from its horizontal
transection as the product of the area of all pixels
and the spatial angle-corrected velocity. To vali-
date the PixelFlux technique, phantom flow
measurements were carried out.

Results: Phantom flow measurements revealed a
highly significant correlation of actual flow vol-
umes and those measured by the PixelFlux tech-
nique (p<0.001; rPearson=0.987-0.991) with
an even higher interobserver correlation (p
<0.001; rPearson=0.997). We found a significant
correlation of fetal volume flow to gestational age
and weight (r=0.529 at spatial angles below 30°
to r=0.724 at spatial angles below 5°) and a signif-
icant influence of the spatial angle on this correla-
tion (p=0.003; r=-0.865).

Conclusion: Spatial angle-corrected global fetal
perfusion measurement improves existing ap-
proaches to fetal perfusion evaluation, and is
feasible, simple and fast. Thus, it can be recom-
mended to explore the relationship of fetal per-
fusion and disturbances of fetal development.
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durchfiihrbar. Sie kann fiir weitergehende Untersuchungen von
Feten, deren Entwicklung und Erkrankungen empfohlen wer-
den.
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Introduction

v

Detailed knowledge of the perfusion of various fetal organs is of
fundamental interest for confirming a normal supply of blood to
the fetus as well as for evaluating deviations which might cause
or reflect diseases of the fetus or the mother. Today, the evalua-
tion of the perfusion of various fetal organs and the fetus as a
whole is evaluated by measurements of two flow velocities,
peak systolic and end-diastolic flow velocity to calculate the re-
sistance index in a variety of fetal vessels [1] or in a similar way
to calculate the pulsatility index (PI) [2]. The main focus is on the
umbilical artery [3]. A rising RI is a crucial sign of deteriorating
fetal perfusion [4]. Despite its broad use in obstetrics, there are
basic objections to the RI [5], since it cannot describe the volume
of blood flow [6] through a fetus and thus cannot deliver impor-
tant information about the supply with oxygen and nutrients.
Therefore, attempts to overcome this limitation date back to the
1980 s. First attempts were made at that time to calculate the vol-
ume flow inside the umbilical vein as the product of the mean
flow velocity and the transsectional area of the vein [7 - 9]. Tech-
nical limitations caused substantial uncertainties which resulted
in a discontinuation of this method [10].

We present a completely new approach to the volumetric global
fetal perfusion measurement. Spatial angle correction and hori-
zontally cut vessel transsections from three-dimensional data as
well as the pixelwise evaluation of all moving red blood cells
[11-13] are the cornerstones of this PixelFlux technique [14].

Aim

Our aim was to investigate whether volume flow measurements
using the PixelFlux method could yield a correlation to fetal age
and estimated fetal weight in normal pregnancies. We first inves-
tigated the optimal technical and imaging conditions for such
PixelFlux measurements and performed a phantom flow meas-
urement to validate the PixelFlux technique.

Patients

In 124 singleton pregnancies between 23 and 41 gestational
weeks (minimum 161 /mean 237 /maximum 285 days), a three-
dimensional record of the umbilical cord was carried out under
strictly standardized conditions. During 172 examinations, 281
volume data sets were recorded at various times of pregnancy.
The estimated fetal weights were below the 3™ percentile in 19
cases and above the 97 percentile for gestational age in 7 cases.
213 datasets were recorded with a maximum of the color scale of
31 cm/sec and 68 with 23 cm/sec. 245 data sets from 107 women
were sufficient for flow calculations, 183 (86 %) with a maximum
flow of 31 cm/sec and 62 (91 %) with 23 cm/sec.

Methods

v

Phantom flow measurements

To measure the volume flow under externally controlled condi-
tions, a phantom was constructed. A Teflon tube with an internal
diameter of 2.0 mm was placed in a water basin and fixed so that
the tube was running straight at a steep angle towards the ultra-

sound transducer. The transducer was held by a clamp fixed to a
tripod. The tube was perfused with a 4% rice starch solution in
water. This solution was homogeneous and yielded a good color
Doppler signal when pumped by a precision laboratory pump
through the tube. Color Doppler videos were recorded under
standardized imaging conditions (ultrasound device: S2000, Sie-
mens, Germany, linear transducer, color Doppler frequency
4 MHz, the angle of the tube towards the ultrasound propagation
line was 36°). The pump rate was changed and repeated color
Doppler recordings were made.

To calculate the tube’s perfusion, the diameter of 2 mm was sliced
into 5 regions of interest of equal size which symmetrically en-
compassed the entire lumen of the tube. The central ROI was
used to calculate the area of a central cylinder, while the neigh-
boring pairs of ROIs parallel to the central ROI were used to calcu-
late the areas of rings surrounding the central ROl in 2 concentric
rings. The flow velocity of these ROIs was measured with the Pix-
elFlux software. The flow velocities of two symmetric ROIs were
averaged to calculate the mean flow velocities of the ring sur-
rounding the central cylinder or the velocity of more peripheral
rings. The transsectional area of these rings and of the central cy-
linder was calculated and separately multiplied by the respective
flow velocity. In this way three distinct flow volumes were calcu-
lated using the PixelFlux technique corresponding to the flow
volume of the central cylinder and the two surrounding hollow
cylinders, which emanate from the four ROIs parallel to the cen-
tral ROI. The flow volume of the tube was then calculated as the
sum of these three separate flow volumes. The flow volumes at
different pump rates measured by the PixelFlux method were
correlated to the actual flow volumes as pumped by the precision
pump.Two separate investigators independently performed
these PixelFlux measurements from 87 datasets (mean values
based on 191 recordings) at 22 different pump rates.

To evaluate the effect of different measurement depths in a wa-
tery fluid, we compared PixelFlux measurements at various
measurement sites inside the Teflon tube. A 16-mm section of
the tube lying in water at an angle of 36° towards the ultrasound
propagation line was equally divided into 10 ROIs one lying upon
the other. The rectangular distance of the topmost ROI from the
transducer was 15 mm and that of the lowermost was 29 mm. A
single focus was placed at a depth of 25 mm corresponding to the
fourth lowest ROI. 18 phantom flow measurements were made
(180 equal ROIs at 10 different depths).

3D color Doppler sonography of the umbilical cord

All 3D sonographic examinations were done with a Voluson 730
Expert ultrasound system (GE Medical Systems, Zipf, Austria) and
a 4-8MHz transabdominal transducer. All imaging features
were fixed. At the beginning of the study optimum imaging con-
ditions were sought and defined as a preset which was stored on
the machine. This preset was always used and not changed. The
fixed parameters included among others gain, color Doppler fre-
quency and transducer type. Only the pulse repetition frequency
was changed to record videos with a color scale with maximum
flow velocities of 23 or 31 cm/sec. Volume data files were record-
ed and sent to a personal computer which was equipped with the
4D View software 5.0 (Kretz, Austria).
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Transformation of the volume data files

1. The volume data files were opened with the 4 D View software.

2. The frontal and sagittal imaging planes were shifted in parallel
shifts to locate a suitable segment of the umbilical vein (UV)
which is defined as follows:

a) The UV should run as steep as possible towards the horizon-
tal plane to reduce measurement errors as a consequence of
the dependence of measured flow velocities by the cosine of
the angle between the ultrasound propagation line (per-
pendicular to the transducer surface) and the UV

b) The resulting horizontal plane should show a well defined
section of the UV with clear borders and an area as small
as possible.

¢) The scale of the images was maximized by the respective
software tool to reduce measurement errors of distances
and areas.

3. After completing this, a bitmap file (*.bmp) of the horizontal
section of the UV was stored for further use in the PixelFlux
software (© Fig.1).

These preparatory steps aimed at the selection of a transsection
of the umbilical vein at a point where the sagittal and frontal an-
gles of this vessel were as small as possible while the vein itself
was clearly discernible from the arteries and the amniotic fluid.
This is to provide a template for the essential pixelwise measure-
ment of velocities and area inside the vein. The following steps
such as spatial angle calculation, velocity measurements from
each pixel’s color hue, the angle correction of this measurement
and the measurement of the vessel’s transsectional area were
then performed by the PixelFlux software.

Spatial PixelFlux measurements of the umbilical vein
volume flow

The bitmap file produced with the 4 D View software was loaded
by the PixelFlux software [14]. To calculate areas, a distance cali-
bration of the image is necessary. The distances of the image and
the color scale were calibrated by the investigator by clicking on a
one centimeter distance at the distance scale displayed on the lat-

FAT Tem I18Hz Beta 008 "0z

Umbilical
vein in
frontal plane

Umbilical vein
in sagittal

Measyrem_ent of e!ll pixels' plane
velocity with spatial angle o
correction in a horizontal cut

Fig. 1 3D image of the umbilical vein after selection of a suitable seg-
ment. The angles of the UV in the frontal as well as in the sagittal planes are
indicated.

Abb.1 3-D-Abbildung der Nabelvene nach Auswahl eines geeigneten
Segments. Die Winkel der Vene mit der Ultraschallausbreitungslinie in der
Frontal- und der Sagittalebene ist angegeben.

eral border of the image. To calculate the flow velocity of each
pixel it was necessary to calibrate the color hues according to
the color bar which was provided by the ultrasound machine.
This color bar indicated at the top the maximum velocity which
was encoded in color in the respective image. The PixelFlux soft-
ware read out the color bar with all its hues and the maximum
velocity. Then the software assigns individual flow velocities to
each color hue. These velocity values, which were translated
from the color hues, were the basis for the calculation of flow ve-
locities by the software.

The next step was the calculation of the spatial angle of the um-
bilical vein. For this the angles of the UV in the frontal (the image
in the upper left quadrant of the three-dimensional image-set de-
livered by the ultrasound machine) and the sagittal plane (in the
right upper quadrant) towards the horizontal plane were meas-
ured by clicking on the center of the vessel (which is marked by
ared dot by the 4D View software) and by then clicking on the
axis of the vessel. Both clicks define the angel of the vessel in the
respective planes from which the spatial angle is then calculated
by the software. After this, the transverse section of the UV in the
horizontal plane (left lower quadrant of the image) was encircled.
Each color pixel inside the lumen of the UV was assigned its spa-
tially angle-corrected velocity value by the software and the
mean flow velocity of all color pixels inside the UV was calculat-
ed. The area of all UV pixels was calculated and multiplied with
the mean spatially angle-corrected flow velocity of all UV pixels
by the software. The result was the true flow volume per time
running through the UV.

It took about 30sec to 1 min with the 4D View software to find
the appropriate measurement plane in the 3D dataset by per-
forming parallel shifting of the three major planes (frontal and
sagittal planes and consequently the horizontal plane) and about
10sec to do the perfusion measurement with the PixelFlux soft-
ware.

Statistics
Statistical calculations were done with the PASW 18.0.0 software
(IBM Corp.Somers, NY, USA). Correlations were calculated ac-
cording to Pearson, groups were compared with the Mann-Whit-
ney-U-test. P-values less than 0.05 were regarded as statistically
significant.

Results

v

Phantom flow measurements with the PixelFlux software
showed an excellent correlation to pump rates (¢ Table1,
© Fig.2). The Pearson correlation coefficient of the pump rate
and the PixelFlux measurements of investigator 1 was 0.987 and
for investigator 2 it was 0.991. The measurements of both inves-
tigators correlated with 0.997.The measurement results in
stacked ROIs in different depths varied significantly. The ROIs
around the focus zone showed nearly no significant differences
but ROIs more proximal to the transducer had significantly high-
er flow measurements. There was no clear linear relation be-
tween the depth of the ROI and the measurement results. The po-
sition of the focus was more relevant than the depth (¢ Fig. 3).
UV volume flow data correlated significantly with the gestational
ages of the fetuses and the estimated fetal weights (© Table2).
The weakest correlation was achieved if mixed recordings with
23 as well as 31 cm/sec were evaluated together (© Table 3). The
correlation was better in ultrasound recordings with the maxi-
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Flow volume [mi/h] investigator 2

flow volume (ml/h)
investigator 1

pump flow (ml/h) correlation (Pearson) 0.987
significance (2-sided) <0.001
n 87

flow volume (ml/h)
investigator 1

correlation (Pearson)
significance (2-sided)
n

Table2 Correlation of volume flow measurements with fetal weight and
fetal age.

volume flow

(ml[sec)
estimated fetal weight (g) Pearson correlation 0.227
sig. (2-tailed) 0.000
n 245
gestational age (d) Pearson correlation 0.187
sig. (2-tailed) 0.003
n 245

Table3 Correlation of volume flow measurements with fetal weight and
fetal age depending on the maximum flow velocity applied.

maximum flow correlation of flow correlation of flow

velocity volume to gesta- volume to esti-
tional age mated fetal weight
r P r p

23 cm/sec 0.287 0.024 0.323 0.010

n=62

31 cm/sec 0.190 0.010 0.245 0.001

n=183

T T T
0 100 200 300 400 500 600

Original Article

Fig.2 Correlation of PixelFlux-perfusion measure-
ments in a Teflon-tube-phantom made by two
investigators.

Abb.2 Korrelation der PixelFlux-Perfusions-
messungen zweier Untersucher in einem Teflon-

© observed schlauchphantom.

= Linear

Table1 Correlation of PixelFlux
volume flow measurements by
two investigators with pumped
volumes per time in a Teflon-tube-
phantom.

flow volume (ml/h)
investigator 2
0.991

<0.001

87

0.997

<0.001

87

mum flow velocity of 23 cm/sec compared to those with 31 cm/
sec (© Table3).

The correlation coefficients were significantly better with smal-
ler angles of the UV vein with respect to the ultrasound propaga-
tion line (© Fig.4). A remarkable and significant increase in cor-
relation was achieved by decreasing the UV angle to less than 40°
(© Fig.5; r=-0.856; p =0.003).

Discussion

v

The evaluation of fetal blood supply is of great interest for perina-
tologists for the purpose of evaluating the status of the fetus and
making sound decisions concerning the initiation of labor or
measures to prolong pregnancy. Color Doppler ultrasound has a
pivotal role in such evaluations. Today fetal perfusion is mainly
evaluated by resistance index (RI) measurements. This does not
allow volumetric measurements.

The PixelFlux technique offers the opportunity to measure the
area of the umbilical vein regardless of its shape from three-di-
mensional data. In the horizontal transsection each pixel of the
vein is measured and the total area is summed up from all col-
ored pixels. This can reduce the error resulting from the assump-
tion of a circular vessel. In the past the area was calculated under
this assumption by measuring of the vessel’s diameter.

Scholbach TM et al. Three-Dimensional Volumetric Spatially... Ultraschall in Med 2011; 32: E122-E128
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Perfusion intensities in ROIs lying upon another in a Teflon tube inside a water

Fig.3 Comparison of PixelFlux-perfusion meas-
urements in a Teflon-tube-phantom with 10 equal

basin ROIs lying one upon another in different depths.
16 mm The focus was within ROI 4. Significant differences
compared to ROI 4 are highlighted by asterisks.
1,201
Abb.3 Vergleich der PixelFlux-Perfusionsmessun-
gen in verschiedenen Tiefen des Wasserbads in 10
W 1,007 identischen tibereinanderliegenden ROIs in einem
E Teflonschlauchphantom. Der Fokus war auf ROI 4
'E eingestellt. Signifikante Unterschiede zu den Mes-
W 0807 sungen in ROI 4 sind durch Sterne gekennzeichnet.
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Spatial angle calculation is another important feature of the Pix-
elFlux technique. The spatial angle of the umbilical vein at its
crossing point with the horizontal plane is calculated from the
angles in the frontal and sagittal plane. The true flow velocity of
each pixel is then calculated by dividing the velocity value of each
color pixel by the cosine of this spatial angle. Both innovations,
pixelwise vessel area measurement and spatial angle correction
of flow velocities, should help to improve the evaluation of fetal
perfusion.

To prove this assumption we performed phantom flow measure-
ments with a Teflon tube in a water basin perfused by rice starch
solution. Here we could demonstrate a highly significant correla-
tion of PixelFlux volume flow measurements with the actual
pumped volumes per time. This underscores the reliability of
the PixelFlux method per se. The interobserver correlation of

such flow volume measurements was excellent, stressing the fea-
sibility of the measurement procedure.

With the novel spatially angle-corrected PixelFlux measurements
in horizontal transsections of the umbilical vein, we performed a
pilot study to investigate the feasibility of fetal volume perfusion
measurements. Here we could demonstrate a significant correla-
tion of fetal volume perfusion and the estimated fetal weight.
This result, which is in accordance with findings of other tech-
niques [15], allows the assumption that spatial PixelFlux meas-
urements can describe the relationship between fetal weight
and fetal blood flow volume. It makes sense that blood supply to
the fetus is a predictor of fetal weight gain, which in turn, can be
understood as the accumulation of substances delivered by the
bloodstream. This is further supported by our observation that
the correlation of perfusion is less but likewise significant to fetal
age. Fetal growth differs among individual fetuses. The weaker

Scholbach TM et al. Three-Dimensional Volumetric Spatially... Ultraschall in Med 2011; 32: E122-E128
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Correlation of the correlation coefficients of fetal weight and umbilical vein
volume flow with the spatial angle

© Observed
0,80 — Linaar

r=-0856; p=0003

g 3

correlation coefficient
o

0,407

o T T T T T T
0,00 10,00 20,00 30,00 40,00 50,00 60,00

spatial angle (*)

Fig.5 A significant inverse correlation of spatial angle of the UV and the
degree of correlation between flow volume calculations and fetal weight
exists.

Abb.5 Nachweis der signifikant abnehmenden Korrelation von Fluss-
volumenmessungen und Fetalgewicht bei zunehmenden Raumwinkeln.

correlation of blood flow volumes to fetal age than to fetal weight
might mirror this fact.

The degree of correlation to fetal weight lies in the range of other
methods and investigators published so far [16, 17]. A volume
flow measurement could be seen as the evaluation of the mo-
mentary metabolic demand of the fetus.

PixelFlux measurements depend on the imaging conditions since
they quantify what is displayed on the screen. It is therefore im-
portant to define an optimum preset of all parameters, which
could influence the image. Such a preset must be defined in ad-
vance and must not be changed. Crucial parameters to be kept
constant (gain, color Doppler frequency, transducer type, type of
the ultrasound machine, wall filters, type of color bar, spatial and
time resolution, persistence and smoothing of the coloration).
The pulse repetition frequency (PRF) which influences the maxi-
mum value of the velocities encoded in color which are displayed
without aliasing can be changed. The PixelFlux software recog-
nizes this and uses the maximum value as shown at the top of
the color bar to calculate the actual velocity of each pixel.
Different stages of fetal development require different blood vol-
umes to be delivered via the umbilical vessels. It is a common ob-
servation that umbilical venous blood flow velocity changes dur-
ing pregnancy. To avoid color dropouts in fetuses with low flow
velocities it may be necessary to adapt the actual PRF. We tested
different PRFs which resulted in detectable maximum flow velo-
cities of 23 and 31 cm/sec. The correlation of perfusion and fetal
weight and age in our population was better in ultrasound re-
cordings with 23 cm/sec compared to those with 31 cm/sec. This
might reflect the influence of the wall filter which cuts out low
flow signals regarded as wall vibrations. The higher the maxi-
mum flow velocity, the higher the respective wall filter. This cre-
ates a loss of low flow signals. In the umbilical vein relatively low
flow velocities are found. Thus, a higher wall filter might cause a

Original Article JaP¥}

relevant loss of flow data in a setting with 31 cm/sec compared to
23 cm/sec. We therefore recommend using 23 cm/sec recordings
in the fetal age group from 23 to 41 gestational weeks.

The depth of the measurement zone may also have an influence
on the PixelFlux measurements. The umbilical vein is embedded
in amniotic fluid. To evaluate the effect of different depths in a
fluid, we compared measurement positions at different depths
along the Teflon tube flow phantom (¢ Fig. 3). The results show
that it is important to place the focus in the region of the Pixel-
Flux measurement. Measurements around the focus were com-
parable.

Several drawbacks and theoretical flaws of the traditional tech-
niques can be overcome with the PixelFlux techniques.

The traditional RI (resistance index) consists of the values of
maximum systolic (V) and end-diastolic flow velocities (Vgi,)
as follows: RI = (Vs = Vgia)[Vsys- The transsectional area of the ves-
sel is not regarded, thus no evaluation of perfusion volume is pos-
sible with RI. Not surprisingly, the value of umbilical artery RI cal-
culation to predict IUGR is low [18] and its correlation to
umbilical volume flow is also weak [17].

Until today, angle corrections are made in the frontal imaging
plane only. Only the angle inside the imaging plane can be calcu-
lated and corrected [16]. This is too simplistic. A vessel might ap-
parently run straight toward the transducer from the perspective
of the frontal plane but may for example actually have an inclina-
tion of 45° from the perspective of the sagittal plane. The tradi-
tional assumption would be to calculate with a cosine of 0° =1,
resulting in an exact match of apparent vector and effective vec-
tor. The true spatial angle instead is 45° in our example resulting
in a cosine 45°=0.71.The difference of flow volume calculation,
which is a product of velocity and perfused area, will be 29%.
Even more deleterious than the fact that the difference is remark-
able is the fact that the true difference is unknown and indeter-
minable if the measurements are made from a two-dimensional
perspective. This problem is compounded by the fact that the
shape of the vein is often quite different from round. The two-di-
mensional perspective might display parallel vessel borders
which have so far been accepted as the projection of a round-
shaped tube. Many other shapes (e.g., bean shape) might mimic
around vessel in a 2 D projection thus causing relevant errors.
Pixelwise flow measurements (PixelFlux method) rule out that
solely the central flow inside a vessel is regarded (such as in con-
ventional PW Doppler measurements) and PixelFlux respects
non-circular distribution of flow velocities inside the vessel
which are missed in a 2 D technique.

It is evident from these considerations that substantial and un-
predictable errors can result in erratic measurements in a 2D
model which in turn must result in a rejection of the method.
Some tried to overcome this limitation by combining several
parameters [19-22].

We present a new approach with a sound theoretical basis.
Nevertheless technical restrictions from the imaging procedure
and signal processing inside the ultrasound device need to be ob-
served. Our results demonstrate that spatially angle-corrected
pixelwise volume flow measurements from three-dimensional
datasets might offer an attractive alternative to traditional tech-
niques. Further studies are necessary to describe the prospects
and limitations of the technique in clinical settings.
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