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ABSTRACT
Purpose: To evaluate the feasibility of generalized phase-contrast magnetic resonance imaging
(PC-MRI) for the non-invasive assessment of fluctuating velocities in cardiovascular blood flow.
Materials and Methods: Multidimensional PC-MRI was used in a generalized manner to map
mean flow velocities and intravoxel velocity standard deviation (IVSD) values in one healthy
aorta and in three patients with different cardiovascular diseases. The acquired data were used to
assess the kinetic energy of both the mean (MKE) and the fluctuating (TKE) velocity field.
Results: In all the subjects, both mean and fluctuating flow data were successfully acquired. The
highest TKE values in the patients were found at sites characterized by abnormal flow
conditions. No regional increase in TKE was found in the normal aorta.
Conclusion: PC-MRI IVSD mapping is able to detect flow abnormalities in a variety of human
cardiovascular conditions and shows promise for the quantitative assessment of turbulence. This
approach may assist in clarifying the role of disturbed hemodynamics in cardiovascular diseases.
Key Words: Turbulent flow, cardiovascular disease, phase-contrast magnetic resonance imaging,
stenosis, intravoxel velocity standard deviation mapping, turbulence.
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INTRODUCTION
In cardiovascular medicine, the assessment of blood flow is fundamental to the understanding
and detection of disease, and many medical, interventional and surgical treatments may impact
the optimization of flow (1).
In the normal arterial tree, fluid transport is maintained with high efficiency and laminar flow is
prevalent. The efficiency of fluid transport increases with higher laminar flow rates, and
therefore the flow downstream from complex geometries such as heart valves, sharp bends and
bifurcations can be suspected to be close to the threshold for the onset of turbulence. Turbulent
fluid motion has been described by Hinze (2) as “an irregular condition of flow in which the
various quantities show a random variation with time and space coordinates, so that statistically
distinct average values can be discerned”.
Non-laminar flow accompanies many forms of cardiovascular disease (3) where flow
obstructions such as valve stenoses or atherosclerotic plaques can introduce flow velocity
fluctuations and thereby decrease the transport efficiency of the fluid. In flow containing velocity
fluctuations, endothelial cells and blood constituents are exposed to abnormal stresses and are
subjected to the risk of hemolysis (4) as well as platelet activation and thrombus formation (5,6).
Additionally, ample evidence supports the theory that fluctuating velocities constitute a central
factor in the pathogenesis of atherosclerotic plaques at predilection areas such as sharp bends and
bifurcations in the vascular tree (3,7,8).
Turbulent blood flow has previously been studied in humans using catheter-based hot-film
anemometry (9) and perivascular Doppler ultrasound during open chest situations (10). Noninvasive ultrasound techniques can be applied to the heart and arterial tree at those sites where
adequate acoustic windows exist, allowing study of flow behavior in various cardiovascular
diseases. Valvular stenoses, for example, are often assessed based on a Doppler measurement of
the peak velocity. In principle, Doppler ultrasound methods are able to measure regional velocity
distributions and should therefore have the ability to quantify turbulence. A non-invasive method
using Doppler echocardiography to study turbulence has been outlined by Izaaz and colleagues
(11). However, non-invasive Doppler methods are limited by definition to the assessment of
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turbulence only in the single direction defined by the ultrasound beam. The results from such an
approach are dependent on the measurement direction and thus limited by assumptions about
local flow structures (12).
Magnetic resonance imaging (MRI) offers the unique opportunity to non-invasively acquire
multidirectional hemodynamic information anywhere in the human body. The most common
MRI method for flow quantification is phase-contrast (PC) MRI velocity mapping (13) which
can be used to assess the time-varying three-dimensional cardiovascular blood flow (14). This
method exploits the phenomenon that the phase difference between two complex-valued
PC-MRI signals acquired with different flow sensitivity will be proportional to the fluid flow
velocity. Based on the velocity mapping technique, several aspects of diseased cardiovascular
flow can be assessed (15,16). Due to spatial averaging over the voxel, the conventional PC-MRI
velocity mapping method measures a sample mean of intravoxel spin velocities. To address this
limitation, several methods have exploited the ability of Fourier velocity encoding MRI (13) to
obtain an intravoxel velocity resolution and thereby capture the peak velocities (17-19). Nayak et
al (19), for example, developed a rapid technique with spiral readout to measure peak velocities
in flow jets accompanying valvular stenoses.
Multiple spin velocities within an imaging voxel reduce the magnitude of the complex-valued
PC-MRI signal during the influence of a magnetic field gradient (20) and several studies have
attempted to establish a relationship between the degree of signal loss and the hemodynamic
significance of stenoses (21,22). Oshinski and colleagues (20) showed that turbulent velocity
fluctuations are the major cause of signal loss. By considering turbulent velocity fluctuations to
give rise to a Gaussian distribution of spin velocities within a voxel, Dyverfeldt et al (23)
presented a method to quantify the intravoxel velocity standard deviation (IVSD) in turbulent
flow from the magnitude relationship of two PC-MRI signals. This study included a theoretical
derivation and an in-vitro validation of the IVSD method but did not comprise in-vivo IVSD
examinations.
In this study, the PC-MRI IVSD method is applied in-vivo with the objective of evaluating the
feasibility of this method for non-invasive assessment of flow velocity fluctuations in the
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pulsatile blood flow of humans. Also, an approach to utilizing this generalization of PC-MRI for
direct comparison of the energy content of the mean and the fluctuating velocity field is
proposed.

MATERIALS AND METHODS
PC-MRI IVSD Mapping
In addition to mean velocity assessment by conventional velocity mapping, generalized PC-MRI
allows for quantitative assessment of turbulent velocity fluctuations by IVSD mapping. The
IVSD method, which is described in detail elsewhere (23), is based on the analytical expression
describing the complex-valued PC-MRI signal of a voxel in presence of a first gradient moment,
M1 (24):

S ( kv ) = C

∞

∫ s(v)e

− ik v v

dv ,

[1]

−∞

where C is a constant influenced by relaxation parameters, spin density and receiver gain, v is the
velocity, s(v) is the spin velocity distribution within the voxel and kv = γM1. By considering the
spin velocities within a voxel to be normally distributed in turbulent flow, s(v) can be expressed
as the Gaussian probability density function. Doing this, Eq. 1 can be written as
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where σ [m s-1] is the IVSD. By combining two PC-MRI signals acquired with different first
gradient moment, S (k v1 ) and S (k v 2 ) , the IVSD can be obtained from the signal magnitude
relationship according to
⎡
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Thus, mapping the IVSD requires no data other than what is normally acquired in a standard PCMRI measurement. A one-directional PC-MRI measurement gives rise to two complex-valued
PC-MRI signals, acquired with different flow sensitivity. In velocity mapping, the mean fluid
velocity is computed by phase subtraction; in IVSD mapping, in contrast, the IVSD is obtained
from the signal magnitude relationship described in Eq. 3 (Fig. 1).
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The accuracy of the IVSD method, in the presence of noise, is maximized by acquiring a
reference flow encoding segment with zero first gradient moment, S(0) (23). This choice of flow
encoding scheme also leads to a direct relationship between kv in the flow sensitized flow
encoding segment, S(kv), and the velocity encoding range (VENC) according to VENC = π / kv.
In velocity mapping, where velocities outside the VENC are aliased, the VENC defines a strict
dynamic range. As phase wraps have no effect on the signal magnitude, the dynamic range in
IVSD mapping is not strictly limited by the choice of VENC. Instead, the VENC is related to the
IVSD sensitivity. Best sensitivity is achieved at σ~ = VENC/π (23). This corresponds to a signal
magnitude ratio S (k v ) / S (0) of e-1/2 which is approximately 0.6.
Assessment of the Kinetic Energy of the Mean and the Fluctuating Velocity Field
By using a bipolar gradient flow encoding scheme consisting of a reference flow encoding
segment and a differentially encoded segment in each direction, generalized PC-MRI offers
reconstruction of both the mean velocity vector field and the IVSD in three directions. This
allows for straightforward analyses of the energy content of the mean and the fluctuating velocity
field. Using Reynolds decomposition, a velocity vector field, U, can be statistically separated
into two components according to

U = U + u [m s-1],

[4]

where U is the mean velocity field, averaged over either time, space or an ensemble, and u is
the fluctuating velocity field which by definition has a mean value of zero (25). While the mean
velocity field describes the average flow behavior, small scale changes of the flow are contained
within the fluctuating velocity which reflects the irregularity and randomness of turbulence. The
root-mean-square of the fluctuating velocity in each direction, i, coincides with the measured
IVSD, σi, according to
1/ 2

(u )
2
i

= σ i [m s-1].

[5]

The standard deviation squared, multiplied by the fluid density, ρ, yields the Reynolds normal
stress, which is the stress acting normal to a fluid element. In the Reynolds, or turbulence, stress
tensor, a second-order symmetrical tensor defined as ρ ui u j [N m-2] with i and j denoting
directions, the diagonal elements are the Reynolds normal stresses in three directions. The
Reynolds normal stresses add up to the tensor trace, which is an invariant of the Reynolds stress
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tensor and thereby insensitive to measurement directions. This tensor trace appears in the
expression describing the average kinetic energy per volume unit (K),

1 3 2 1 3
K = ρ ∑U i + ρ ∑ui2 [J m-3],
2 i =1
2 i =1

[6]

as a part of the second term on the right hand side which describes the kinetic energy of the
fluctuating velocity field (turbulent kinetic energy, TKE). The TKE, which is computed from the
IVSD in three directions, is a direction-independent measure of the intensity of turbulence. The
first term on the right hand side is the kinetic energy of the mean velocity field
(mean kinetic energy, MKE).
Study Population
The in-vivo feasibility of PC-MRI IVSD mapping was evaluated in a range of cardiovascular
conditions by imaging a 29-year-old healthy male volunteer and three patients. The first patient
was an 80-year-old male with mild aortic valve insufficiency demonstrated on echocardiography;
left ventricular flow was examined. The second patient was a 71-year-old male who was 14
months status post implantation of a stented biological aortic valve (Carpentier-Edwards
PERIMOUNT, 25 mm diameter); flow was studied downstream from the normally functioning
valve prosthesis. The third patient was a 60-year-old female 46 years status post aortic
coarctation repair with end-to-end anastomosis that had signs of restenosis in the anastomotic
area distal to the left subclavian artery. In addition, in this patient echocardiography also
demonstrated an abnormal, minimally obstructive membrane in the left ventricular outflow tract
below the aortic valve. Post-stenotic flow in the descending thoracic aorta was studied.
The study was approved by the regional ethics committee for human research at the medical
faculty of Linköping University. Written informed consent was obtained from all participants.
Data Acquisition
All measurements were carried out using a clinical 1.5 T scanner (Philips Achieva, Philips
Medical Systems, Best, the Netherlands) equipped with high-performance gradients (amplitude
33 mT/m, slew rate 160 T/m/s). Time-resolved three-dimensional (3D) PC-MRI data were
acquired during free breathing using a flow compensated gradient echo pulse sequence with
interleaved three-directional flow encoding and retrospective, vectorcardiogram controlled,
cardiac gating. The bipolar gradient flow encoding scheme included a reference flow encoding
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segment and a differentially encoded segment in each direction. Trade-offs between temporal
resolution and scan time were enabled by interleaving a multiple of N sets of the four flow
encoding segments. To suppress respiratory effects, a navigator gating method (Philips Medical
Systems, Best, the Netherlands) using a slowly adapting window position was applied. The
navigator monitored the position of the diaphragm during the scanning and imaging data were
only accepted at end expiration. All subjects were in sinus rhythm; the effects of variations in
cardiac frequency, such as arrhythmias, were minimized by rejecting RR-intervals shorter than
90 % or longer than 120 % of the average duration of the eight preceding RR-intervals.
In three of four examinations, both the IVSD and the velocity were reconstructed from a single
acquisition. In the coarctation patient only, separate scans with different VENC settings were
used to acquire the velocity and the IVSD data. Knowing that a 40 % signal loss provides the
best sensitivity, the VENC settings used in the IVSD measurements in the patients were chosen
to provide good accuracy at the highest expected IVSD values. For comparison, the IVSD scan
in the healthy volunteer had the same VENC as in the coarctation patient. Parallel imaging by
sensitivity encoding (SENSE) with a speed up factor of two was applied in the velocity scan in
the coarctation patient and in the single scans in the other two patients (Table 1). A flip angle of
8° was used in all measurements; additional imaging parameters are summarized in Table 1.
Anatomical orientation in the patient with aortic valve insufficiency was obtained by standard
balanced steady state free precession (b-SSFP) cine imaging. For anatomical orientation in the
coarctation patient, a 3D contrast enhanced MRA (field-of-view 360 x 360 x 80 mm, matrix 480
x 480 x 40) was acquired using a Gadolinium contrast agent (Magnevist, Schering, Germany,
dose of 0.4 ml/kg) prior to the PC-MRI measurements.
Post Processing and Visualization
On the scanner, all velocity data were corrected for concomitant gradient field effects. A
temporal sliding window reconstruction (Philips Medical Systems, Best, The Netherlands) with
individual non-linear stretching of each RR-interval, taking into account that the duration of
systole is almost constant, was used to reconstruct the time-resolved PC-MRI data into 40 time
frames. Using automated post processing, the velocity data were corrected for background errors
and phase wraps (26). The TKE and MKE were computed from the IVSD and the velocity data,
respectively, according to Eq. 6. In the computations of data along the sample lines in the healthy
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volunteer and the coarctation patient, trilinear interpolation was used to extract the values along
the sample lines.
The post processed time-resolved 3D data were converted into a file format compatible with
commercially available visualization software (EnSight, CEI Inc., Research Triangle Park, NC,
USA). This enabled the use of several visualization tools. Iso-surface rendering was used for
anatomical delineations. 2D planes and surfaces were extracted from the 3D data volumes and
color coded according to scales of TKE in order to visualize the fluctuating velocity fields.
Three-dimensional streamlines, color-coded according to scales of speed, were generated in
order to visualize the instantaneous 3D velocity fields.

RESULTS
All data were acquired successfully.
Aortic flow at peak systole in the healthy volunteer is shown in Fig. 2. Three dimensional
streamlines (Fig. 2a) show no regional increase in velocity. A semicylinder-shaped clip surface
color coded according to TKE, combined with a semi-transparent 3D iso-surface rendering
computed from the PC-MRI data, shows no regional increase in TKE (Fig. 2b).
The peak regurgitation flow in the patient with mild aortic valve insufficiency is visualized in
Fig. 3, along with a semi-transparent b-SSFP three-chamber image. 3D streamlines (Fig. 3a)
reveal a small regurgitant flow into the left ventricular outflow tract during diastole, and a 2D
TKE clip plane (Fig. 3b) shows elevated values of TKE in connection with the regurgitant jet.
The highest TKE values in this region reached 320 J/m3. The maximum speed was about 1 m/s,
which corresponds to an MKE of 530 J/m3. The streamlines in Fig. 3a were defined from a
rectangular grid. Note that, due to myocardial motion and the presence of other lumen regions,
non-zero velocities may be observed also outside of the intracardiac flow region.
Visualizations of aortic peak flow in the patient with an aortic valve prosthesis are shown in
Fig. 4. The 3D streamlines in Fig. 4a show high speed flow immediately downstream from the
valve and complex flow patterns in the ascending aorta. The TKE map in Fig. 4b, combined with
a 3D iso-surface rendering of the PC-MRI data, shows that the highest values of TKE are present

10
downstream from the valve. Elevated values of TKE can also be observed at the outer wall of the
ascending aorta. Downstream from the valve, the overall high values of TKE were about 700
J/m3. The peak flow speed was about 3 m/s, which corresponds to an MKE of 4770 J/m3.
Figure 5 shows the three different types of data acquired in the coarctation patient. The 3D isosurface rendering of the contrast-enhanced MRA data in Fig. 5a shows a constriction at the site
of the end-to-end aortic anastomosis (arrow). The 3D streamline visualization of the aortic blood
flow at peak systole in Fig. 5b reveals a flow jet distal to that stenosis. In Fig. 5c, a convex
surface, color-coded according to TKE, is shown with a semi-transparent 3D iso-surface
rendering of the contrast-enhanced MRA data. The TKE map demonstrates the energy content of
the turbulent velocity fluctuations; the highest values of TKE are observed downstream from the
flow jet. In addition, elevated values of TKE are seen in the aortic root downstream from the
abnormal subvalvular membrane. A time-resolved visualization of the TKE can be seen in Movie
1. The black line seen in Fig. 5a, originating approximately 3 mm upstream from the aortic recoarctation, was aligned along the peak systolic velocities of the flow jet seen in Fig. 5b. This
line serves as a sample line for data extraction. For comparison, a corresponding sample line,
originating distal to the left subclavian artery, was placed in the healthy volunteer. Values of the
TKE and MKE along these sample lines over time are shown in Figs. 6 and 7. The maximum
TKE and MKE values observed in the coarctation patient were about eight and six times greater
than in the healthy volunteer, respectively. In the coarctation patient, the peak TKE value along
the sample line was 780 J/m3. The peak flow speed was 2.8 m/s, which corresponds to an MKE
of 4220 J/m3. A more detailed analysis of the temporal alterations of the kinetic energy
components in the coarctation patient can be seen in Fig. 8 where the TKE and MKE are plotted
over the cardiac cycle at three different locations. These locations, as indicated by the circles on
the sample line in Fig. 5a, correspond to distances approximately one, two and three times the
diameter of the stenosis relative to the center of the constriction. Corresponding plots for the
healthy volunteer are shown in Fig. 9.

DISCUSSION
It has recently been shown in-vitro that PC-MRI can be used in a generalized manner to quantify
IVSD and turbulence intensity (23). In the present study we have extended the generalized PCMRI approach to in-vivo usage, allowing the assessment of the kinetic energy of both the mean
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(MKE) and the fluctuating (TKE) velocity field in human cardiovascular flow. Measurements
were made across a spectrum of in-vivo conditions. In all the patients included in this study, sites
characterized by abnormal flow behavior distinguished themselves by demonstrating
considerably elevated TKE values (Figs. 3-5). The majority of the elevated TKE values can be
related to turbulent flow. No regional increase in TKE was found in the healthy volunteer
(Fig. 2).
The 3D streamline visualization of the aortic peak flow in the healthy volunteer (Fig. 2a) shows
non-complex flow and no regional increase in velocity. Well-organized normal aortic blood flow
should not be perturbed by small scale velocity variations in the same order of magnitude as in
diseased aortic geometries and the MKE along a sample line comparable to the one in Fig. 5
should be nearly constant in space and only vary temporally due to the cardiac cycle. This is
confirmed by the results in Figs. 7 and 9 where the MKE in the healthy volunteer is nearly
constant along the sample line for a given time frame and the TKE overall is low. Sites known to
contain vortical flow, such as the sinuses of Valsalva (27), either did not result in elevated TKE
values. Note, however, that this study was not intended to describe the possible extent of
turbulence in normal cardiovascular blood flow. The healthy volunteer was included to
demonstrate the differences between normal and pathological flow detected by this approach
when using the same measurement settings. An investigation of IVSD values in normal
conditions would benefit from a lower VENC value than the one used in the present study.
The diastolic 3D streamlines (Fig. 3a) in the patient with mild aortic valve insufficiency reveal a
small regurgitant jet in the left ventricular outflow tract. Elevated TKE values accompany the jet
(Fig. 3d). The aortic valve insufficiency did not cause elevated values of TKE at other
intraventricular locations. Both the peak values and the spatial distribution of the TKE map may
provide a method of assessing the degree of valvular insufficiencies beyond the more semiquantitative methods currently used. Further studies are needed to assess the relationship
between the severity of valvular insufficiency and quantities obtained by IVSD mapping.
In agreement with previous studies of bioprosthetic valve hemodynamics (28,29), IVSD
mapping revealed elevated values of TKE downstream from the implanted aortic valve
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prosthesis (Fig. 4b). PC-MRI has previously shown great potential for studying flow around
prosthetic heart valves in-vivo (30). The additional information obtained by IVSD mapping
could be used to assess the impact of valve parameters such as orientation, size and design on the
flow after implantation. The ability to link in-vivo valve hemodynamics with parameters such as
regression of left ventricular hypertrophy after aortic valve replacement could be of great clinical
interest.
Visualization of the peak systolic 3D velocity field in the patient with an aortic coarctation
(Fig. 5b) demonstrates a flow jet characterized by a plateau of high speed downstream from the
constriction. The area surrounding a flow jet is theoretically constituted by a shear layer which
contains vortex-like structures (25). As seen in Fig. 5c, elevated TKE values are detected in the
area surrounding the flow jet in the coarctation patient. From fluid mechanics theory, one would
expect that turbulent velocity fluctuations are created at the site of jet breakdown and the highest
TKE values are measured at this site (Fig. 5c). The interplay between mean and fluctuating
velocities in turbulent jet flow is reflected in the evaluation of the mean and turbulent kinetic
energy along the sample line in the coarctation patient (Fig. 6). In the systolic time frames,
elevated values of MKE are found in the flow jet whereas the highest values of TKE are found
distal to the rapid decrease in MKE (see also movie 1). The temporal evolution of TKE (Figs. 6,
8 and Movie 1) in the immediate vicinity of the stenotic anastomosis includes two peaks which
reflect the pulsatility of arterial blood flow. In early systole, the acceleration of flow through the
constriction creates a jet-like flow that emerges from the constriction. Distal to the jet, the flow
contains velocity fluctuations which result in the first temporal TKE peak seen in Figs. 6 and 8.
As systole progresses, the length of the jet increases and the flow adjacent to the anastomosis,
which was highly disturbed in early systole, becomes more organized and the value of TKE in
this area decreases. With the flow deceleration at the end of systole, the jet gets shorter and the
second TKE peak appears in the immediate vicinity of the constriction. Over the diastolic part of
the cardiac cycle, the low speed flow is not disturbed by turbulent velocity fluctuations and thus
low values of TKE are measured.
The theoretical framework underlying IVSD mapping can be used to quantify the statistical
dispersion of any intravoxel velocity distribution which has a Fourier transform that is invertible
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on a range of kv-values > 0 (23). This requires that the intravoxel spin velocities can be
considered to have a known distribution. By employing the Gaussian distribution, as in this
study, a quantitative relationship between IVSD and the PC-MRI signal magnitude is obtained
according to Eq. 3. The quantitative aspect of the IVSD method is consequently degraded if the
distribution is non-Gaussian. However, the Gaussian distribution is as a result of the central limit
theorem commonly used in turbulence theory (25) and has previously been incorporated in
several methods relating MR signal loss and turbulence (31). The Gaussian behavior of turbulent
velocity fluctuations in blood flow is also supported by energy spectrum analyses of data
recorded by hot-film anemometry downstream from a 75 % stenosis in a pig aorta (32). A
number of flow phenomena other than turbulence could also cause an intravoxel velocity
distribution; elevated IVSD values therefore do not necessarily reflect only turbulent velocity
fluctuations. Given that local variations in flow velocities may reflect abnormal hemodynamics,
finding elevated IVSD values in these regions is also of potential interest. In shear flow regions
characterized by high spatial acceleration, for example, the locally varying velocity field can be
expected to affect the PC-MRI signal magnitude. Pipe (33) exploited the fact that this effect is
typical for flow near the vessel wall and suggested that this could be used to estimate wall shear
stress. For kv 2 = 0 , Eq. 3, which is valid for Gaussian intravoxel velocity distributions (23), is
identical with the empirical expression derived by Pipe (33). Based on the theory underlying
IVSD mapping, studies focusing on quantifying the statistical dispersion of spin velocities near
the vessel wall, rather than in turbulent intraluminal flow, may benefit from exploiting the fact
that the IVSD method readily can be adapted to non-Gaussian distributions as well (23). In the
present study, high wall shear rate may have contributed to the elevated values of TKE at the
outer wall of the ascending aorta in the patient with an aortic valve prosthesis (Fig. 4). Note,
however, that elevated TKE values near the vessel wall are not found in other areas in this
patient nor in the other subjects. This suggests that the contribution of shear flow to the IVSD
values is small as compared to the contribution from turbulence. Further studies are needed to
elucidate whether the effect is negligible.
In voxels covering both blood and static tissue, partial volume effects will result in spin velocity
distributions which do not reflect the dispersion of blood flow velocities. Furthermore, the
distribution may contain more unknown parameters than what can be resolved by two
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measurements of S(kv). Signal ghosting and aliasing may also degrade the results through partial
volume effects. Tuning of imaging parameters such as field of view and temporal resolution is
thus recommended not only for good image quality but also for retaining the accuracy of the
IVSD quantification.
An attractive property of the IVSD method is that it requires no data other than what is
commonly acquired with a standard PC-MRI pulse sequence, although the flow encoding
scheme must be chosen so that kv1 ≠ kv 2 . When the VENC for best IVSD sensitivity is not
much below the maximum velocity, simple phase-unwrapping schemes may be used to obtain
correct velocities from the acquired data. In this work, phase unwrapping incorporating only the
temporal domain resulted in the reconstruction of both velocity and IVSD from the single data
sets acquired in three of four subjects. The choice of VENC in IVSD measurements can be
compared to the choice of VENC in PC-MRI velocity mapping, where matching the estimated
peak systolic velocity is most often desired. In IVSD mapping, a 40 % signal loss gives the best
sensitivity and the VENC can be chosen accordingly. By improving the SNR or by using a
sophisticated phase-unwrapping algorithm, both velocity and IVSD could be obtained from the
same data set even in situations where the difference between optimal VENC for velocity and
IVSD mapping is broader. The fact that a 40 % signal loss gives the best sensitivity can also be
exploited for retrospective assessment of the accuracy of each acquired IVSD value by studying
the S(0) and S(kv) magnitudes. Signal loss that affects both S(0) and S(kv) does not affect the
validity of the IVSD method, as the IVSD is derived from the relative loss of signal magnitude in
S(kv) versus S(0). A low S(0) magnitude will decrease the dynamic range, however, and therefore
it is important to maintain a high S(0) magnitude over the imaging volume of interest to reduce
the influence of noise. At the edges of the dynamic range the IVSD estimation is degraded by
noise; further studies are needed to establish the nature of this effect.
The role of disturbed blood flow in the progression of valve and vessel stenoses has been
frequently discussed (6,8,34,35) and highlights the need for a non-invasive tool to study flow
disturbances (1,36). In the setting of valvular heart disease, a non-invasive method to quantify
blood flow turbulence could improve our understanding of hemodynamic impact and guide
surgical correction. Moreover, PC-MRI IVSD mapping may prove to be valuable in investigating
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the specific hemodynamic effects of different options for surgical repair. In aortic valve
replacement, for example, studies have shown that improved valve hemodynamics are favorably
correlated with long term patient survival (37). Fluctuating blood flow has also been proposed as
a contributing factor in the pathogenesis of atherosclerosis (3,7,8). In the present study, each
scanned patient had a different cardiovascular disease and no general conclusions regarding the
flow accompanying each specific condition can be drawn. However, the successful measurement
of both the mean and the fluctuating velocity fields in the range of conditions shown here
suggests that generalized PC-MRI has the potential to become a valuable tool in investigating the
extent, timing and role of turbulent blood flow in the human body, and the interaction between
turbulence and progression of cardiovascular disease. For large scale in-vivo studies, scan time is
an important issue and 2D IVSD scans may be an option. However, 2D IVSD measurements
may be affected by inflow effects (23) and pose a risk of missing the areas of highest turbulence
intensity. An alternative option might be to speed up the 3D data acquisition by using parallel
imaging and exploiting spatiotemporal correlations (38) in the dynamic data, for example. This
could also be used to improve the spatial resolution and thereby allow for IVSD mapping in
smaller vessels.
The ability to non-invasively quantify turbulence intensity in 3D is also of great interest for nonmedical applications. In complex turbulent engineering flow, PC-MRI velocity mapping has
been shown to provide accurate mean velocity data (39). The IVSD method may add a new
aspect to the PC-MRI assessment of flow in engineering applications by allowing optimization
of components with respect to turbulence (40).
In conclusion, this study supports the hypothesis that non-invasive PC-MRI IVSD mapping is
able to detect flow abnormalities in a variety of human cardiovascular conditions. The fact that
the highest IVSD values were found in flow situations where turbulent flow is expected implies
that IVSD mapping is promising for the detection and quantitative assessment of turbulence.
Although the IVSD measurements were not markedly affected by other complex flow
phenomena, further investigations are necessary to clarify whether shear flow contribution to the
IVSD values is negligible. In combination with velocity mapping, IVSD mapping may allow
assessment of regions with flow abnormalities that portend significant hemodynamic impact or
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disease progression. This information would address a longstanding gap in our scientific and
clinical armamentarium for studying and treating cardiac, valvular and vascular diseases.
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TABLES
Table 1
Overview of Imaging Parameters
Parameter
VENC [cm s-1]
Field of View [mm]
Matrix Size

Healthy
Volunteer a

Aortic
Insufficiency
Patient a

Valve Prosthesis
Patient a

140

120

200

278 x 278 x 48 300 x 300 x 75 300 x 300 x 60
96 x 96 x 16 112 x 112 x 24 112 x 112 x 20

Coarctation
Patient Velocity

Coarctation
Patient IVSD

350

140

272 x 272 x 60 288 x 288 x 54
80 x 80 x 20

96 x 96 x 18

Echo Time [ms]

3.0

3.0

3.7

3.0

3.0

Repetition Time [ms]

5.2

5.1

6.7

5.4

5.1

SENSE

-

2

2

2

-

Temporal speed-up factor b

3

2

2

3

4

Temporal Resolution [ms]

62.4

40.8

53.6

64.8

81.6

7 min 45 sec

10 min 40 sec

10 min 34 sec

6 min 4 sec

10 min 3 sec

Scan Time c
a

In each of these subjects, both the standard deviation of the intravoxel spin velocity distribution
(IVSD) and the velocity were reconstructed from the same data set.
b

Number of sets of four flow encoding segments which were interleaved in order to decrease the
scan time.
c

The scan time is exclusive of the navigator gating efficiency.
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FIGURE LEGENDS

Fig. 1. The fundamental similarities and differences of PC-MRI velocity and IVSD mapping.
Two measurements, or flow encoding segments (FS), of different flow sensitivity give rise to
two complex-valued PC-MRI signals from which the phase (φ) and the signal magnitude (m) can
be obtained. From these data, the velocity can be computed by phase subtraction whereas the
IVSD can be obtained from the signal magnitude relationship.
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Fig. 2. Aortic blood flow at peak systole in a healthy volunteer visualized by 3D streamlines (a)
and a TKE map combined with a semi-transparent iso-surface rendering computed from the PCMRI data (b).

Fig. 3. Visualization of the peak regurgitation flow in a patient with mild aortic insufficiency. 3D
streamlines, combined with a semi-transparent b-SSFP three-chamber image (a), reveal a small
regurgitation flow into the left ventricular outflow tract. A 2D clip plane, color coded according
to scales of TKE, combined with a semi-transparent b-SSFP three-chamber image (b), show
elevated values of TKE in the vicinity of the regurgitation flow jet.
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Fig. 4. Aortic blood flow at peak systole in a patient with an aortic valve prosthesis visualized by
3D streamlines (a) and a TKE map showing the turbulence intensity in combination with a semitransparent iso-surface rendering computed from the PC-MRI data (b).

Fig. 5. Visualization of data acquired in a patient with an aortic coarctation. A 3D iso-surface
rendering of contrast-enhanced MRA data (a) is shown with a black line, originating from above
the anastomotic constriction (arrow) site. This line serves as a sample line for data extraction and
the dots show distances relative to the center of the coarctation of approximately one, two and
three times the coarctation diameter. Detailed plots of the kinetic energy over time at these
locations can be seen in Fig. 8. The peak systolic aortic blood flow is visualized by color-coded
3D streamlines (b) and, in combination with a semi-transparent 3D iso-surface rendering, by a
color-coded convex TKE clip surface showing the intensity of the fluctuating velocity field (c).
A time-resolved visualization of the TKE can be seen in Movie 1.
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Fig. 6. Temporal evolution of MKE (left) and TKE (right) in the coarctation patient along the
sample line shown in Fig. 5. The vertical axis shows the position at the sample line and the
horizontal axis shows the timing of the cardiac cycle (RR-interval) where the approximate
durations of systole (s) and diastole (d) are indicated. The center of the stenosis is located at
approximately 3 mm from the origin of the sample line.

Fig. 7. Temporal evolution of MKE (left) and TKE (right) in the healthy volunteer along a
sample line corresponding to the one in the coarctation patient (Fig. 5). The vertical axis shows
the position at the sample line and the horizontal axis shows the timing of the cardiac cycle (RRinterval) where the approximate durations of systole (s) and diastole (d) are indicated. Note the
different MKE color scales in Figs. 6 and 7.
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Fig. 8. Plots of TKE (solid line) and MKE (dotted line) in the coarctation patient over the cardiac
cycle (RR-interval) at distances of one (left), two (middle) and three (right) coarctation diameters
downstream from the center of the constriction according to the dots drawn in Fig. 5. Below the
plots, the approximate durations of systole (s) and diastole (d) are indicated. Note that, as the
distance from the stenosis increases, the peak MKE value decreases while the TKE reaches its
highest values at the two most distant locations.
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Fig. 9. Plots of TKE (solid line) and MKE (dotted line) in the healthy volunteer over the cardiac
cycle (RR-interval) at three different locations corresponding to the ones in Fig. 8. Below the
plots, the approximate durations of systole (s) and diastole (d) are indicated. Note that the peak
MKE value is approximately the same at all locations and that the TKE is low compared to the
values observed in the coarctation patient (Fig. 8). Note the different KE scales between Figs. 8
and 9.

MOVIE LEGENDS (Supplementary Material)
Movie 1. Time-resolved visualization of TKE in the aortic coarctation patient. A convex clip
surface, color coded according to TKE, shows the intensity of the turbulent velocity fluctuations.
A 3D iso-surface rendering of contrast enhanced MRA data outlines the geometry. Sparse 3D
streamlines, emitted from the center of the coarctation, outline the instantaneous mean velocities
near the coarctation at each time frame. Plots on the left hand side demonstrate the temporal
evolution of TKE (top), MKE (middle) and speed (bottom) downstream from the coarctation at
the location indicated by the white dot. The highest values of TKE can be observed downstream
from the coarctation in the areas surrounding the flow jet. At peak systole (Time = 0.206), the
flow jet extends through the sample point and causes a decrease in TKE which can be seen both
in the TKE map and the plot. Elevated values of TKE can also be observed in the aortic root
downstream from the abnormal subaortic membrane which was present in this patient. Note that,
at the center of the constriction, the TKE surface blocks the view of the iso-surface.

