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A B S T R A C T

Purpose: To improve the current method for MRI turbulence quantification which is the intravoxel phase
dispersion (IVPD) method. Turbulence is commonly characterized by the Reynolds stress tensor (RST) which
describes the velocity covariance matrix. A major source for systematic errors in MRI is the sequence’s sensitivity
to the variance of the derivatives of velocity, such as the acceleration variance, which can lead to a substantial
measurement bias.
Methods: We developed a Cartesian phase contrast sequence with FAST velocity encoding and two separately
measured partial echoes with opposite readout directions. This design aims to reduce the high-order gradient
moments that are responsible for the described measurement error. Velocity encoding directions follow the
ICOSA6 scheme to capture the full RST. Turbulence data is reconstructed using the intra-voxel phase dispersion
(IVPD) technique. We validated this sequence in vitro using a periodic hill flow benchmark with highly aniso-
tropic turbulence. MRI data underwent extensive averaging, with multiple velocity encoding values employed to
reduce noise and isolate systematic effects.
Results: The RST data obtained from the new sequence agree well with the ground truth. Compared to a state-of-
the-art sequence, the maximum errors were reduced by factor five.
Conclusion: Simple adjustments to current MRI protocols can greatly enhance turbulence measurement accuracy
through the reduction of high-order gradient moments. The proposed measures include applying FAST velocity
encoding, high readout bandwidth, and a highly asymmetric readout. Ringing artifacts due to the asymmetric
readout can be removed via a second, inverted readout.

1. Introduction

MRI recently gained more attention as a means to measure flow
quantities in turbulent flows. Apart from the mean flow velocity, more
advanced flow parameters for turbulence quantification, like the Rey-
nolds stress tensor (RST), can be obtained using MRI. The RST describes
the velocity covariance matrix including three normal and three shear
stresses. An important turbulence parameter derived from the normal
stresses as half the trace of the RST is the turbulence kinetic energy
(TKE).

Measuring turbulence statistics is useful in a wide range of fields.
TKE quantification is applied as a tool in clinical applications, where
elevated levels of TKE are used for diagnostic purposes [1,2]. Current
research focuses on in-vivo RST measurements in aortic flows [3–5].
However, MRI RST measurements are also performed in engineering
applications to optimize energy efficiency in a refrigerator machine
room [6], to measure gas flow in packed beds of non-spherical pellets
used in the chemical process industry [7] or to measure transport pro-
cesses through porous media occurring in heat transfer, chemical re-
actions or separation processes [8]. So, the same methods first
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developed for medical applications are now also applied in an engi-
neering context.

The first attempts to quantify turbulence using MRI applied Fourier
velocity encoding (FVE), which samples the whole velocity spectrum
within a voxel [9–11]. The current state-of-the-art approach for quan-
tifying turbulence is based on intra-voxel phase dispersion (IVPD) using
phase-contrast (PC) MRI methods, which is significantly faster than FVE.
In the case of an intravoxel velocity distribution with finite width and
the application of a non-zero first gradient momentM1, the nuclear spins
exhibit different velocity-dependent phases that add up incoherently,
leading to signal attenuation. Hence, the components of the RST can be
directly calculated from the relative signal magnitude; however, this
deduction relies on certain underlying assumptions.

The velocity encoding time needs to be small compared to the tur-
bulent time scales in the flow field [12,13]. This ensures that the velocity
field is constant during the velocity encoding process. Moreover, the
velocity distribution within the voxel is assumed to have a Gaussian
shape and to be in the ergodic regime [13]. Based on these assumptions,
Dyverfeldt et al. [14] derived a relationship between the signal magni-
tude from velocity-encoded MRI and the velocity standard deviation
inside the voxel.

Dyverfeldt et al. [12] and Ha et al. [15] extended this encoding
scheme to multiple velocity encoding steps per direction to increase the
dynamic range of turbulence that can be acquired. They applied their
method in medical contexts. Binter et al. followed a similar approach but
used Bayesian analysis [16] [17]. They obtained a joint probability map
for each encoding direction and voxel with the mean velocity on one axis
and its standard deviation on the second axis. The location of the highest
probability in the map leads to both mean velocity and its standard
deviation.

On the engineering side of RST quantification, Elkins et al. [18]
describe an extension to acquire individual shear stresses. These com-
ponents of the RST can be calculated from the normal stresses in two
directions and a further measurement with simultaneous velocity-
sensitivity in both involved directions. Haraldsson et al. [19] acquired
the whole RST using the ICOSA6 method, whose encoding directions are
defined by the nodes of an Icosahedral. This scheme was adopted from
Diffusion Tensor Imaging (DTI) and is considered an SNR-efficient
method when the entire tensor is measured [20].

Schmidt et al. [21] combined the ICOSA6 scheme and multiple data
sets with variable velocity sensitivity to increase the dynamic range of
the measurement. The RST was found by fitting a 3D Gaussian distri-
bution on all data sets. The results were compared to laser Doppler
velocimetry (LDV), the state-of-the-art measurement technique in fluid
dynamics for turbulence quantification. After extensive averaging in this
in-vitro study, the precise MRI data helped uncover a previously unno-
ticed source of systematic error: the measurement bias caused by the
time derivatives of the velocity field. For example, the acceleration
variance, which is inherent to turbulent flow, is interpreted as velocity
variance, leading to an overestimation of turbulence. This error locally
surpassed 100% of the reference value in their study, making it the most
dominant error source. John et al. [22] addressed this error by reducing
encoding times using partial Fourier techniques.

This study develops a sequence less sensitive to fluid acceleration
and higher derivatives and demonstrates it in a controlled in vitro
environment. The proposed method is demonstrated in the periodic hill
setup used by Schmidt et al. [21] to allow for a direct comparison to a
state-of-the-art PC MRI method for turbulence quantification. The in-
vitro data is extensively averaged to minimize noise and isolate the
systematic effects. Based on these results, guidelines are formulated on
how a few simple measures can significantly improve future MRI tur-
bulence studies.

2. Material and methods

2.1. Turbulence encoding based on intra-voxel phase dispersion

The fluid motion can be decomposed into a Taylor series in terms of
its position r0, velocity u, acceleration a, and higher derivatives such as
the jerk j. The phase angle Φ of the NMR signal depends on these
components and the gradient waveform G:

Φ = Φ0 + γr0
∫ TE

t0
G(t)dt+ γu

∫ TE

t0
G(t)tdt+ γa

∫ TE

t0
G(t)

t2

2
dt

+ γj
∫ TE

t0
G(t)

t3

6
dt+…

(1)

Where Φ0 is the initial background phase, t0 is the isophase point, at
which all spins are phase-aligned during excitation, and TE is the echo
time. The integral terms in this equation are the gradient moments (M1,
M2, M3 …):

Φ = Φ0 + γr0M0 + γuM1 +
γa
2
M2 +

γj
6
M3… (2)

Within a voxel with inhomogeneous fluid motion, the gradient-
induced phases of individual spin ensembles differ and add up inco-
herently. Assuming an ergodic flowwith a Gaussian velocity distribution
within the voxel, the signal magnitude |S| becomes a function of the
motion-compensated base-line signal |S0|, and the velocity standard
deviation σu, the acceleration standard deviation σa, the jerk standard
deviation σj, and the standard deviation of higher derivatives [14]:

|S| = |S0|e
−

γ2
2

(
σ2u ΔM2

1+σ2aΔM2
2+σ2j ΔM2

3+…

)

(3)

Here, ΔM1, ΔM2 and ΔM3 are the relative gradient moments between
the velocity-encoded measurement and the reference measurement,
which is typically velocity-compensated. When acceleration and higher
derivatives of the velocity field are neglected, this equation becomes the
current standard in MRI turbulence quantification [12]:

σu =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2ln(|S|/|S0| )

γ2ΔM2
1

√

(4)

2.2. Assumptions in MRI turbulence quantification

The current method (Eq. (4)) relies on the following assumptions:

(1) The velocity encoding time is much shorter than the integral time
scale of the turbulent fluctuations [12,13]

(2) No mean velocity variation within the voxel (as in shear flow)
[12]

(3) A Gaussian velocity distribution within the voxel [12]
(4) No variance of the derivatives of velocity, such as acceleration

variance, within the voxel

Assumptions (1) to (3) have already been examined by Dillinger et al.
[23], Dyverfeldt et al. [12], Veraart et al. [24], and Al-Mubarak et al.
[25]. Typically, the time scales in the flow are unknown, and possible
errors due to assumption (1) must be tolerated. However, shortening the
velocity encoding process minimizes the effect.

Assumption (4) is always inaccurate for turbulent flows. Eq. (5)
shows the material derivative of the fluid’s velocity u.

Du
Dt

=
∂u
∂t +u⋅∇u (5)

The first term on the right-hand side is the Eulerian derivative of the
velocity known as the acceleration. The second term includes the spatial
derivative, which results in convective acceleration. If assumption (1)
holds, the first term is negligible due to the very short encoding time of
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the MRI sequence. Nevertheless, the second term is always non-zero
since a turbulent velocity field varies in space. As a result, the spatial
velocity gradients inevitably lead to acceleration variance within the
voxel. Note that the variance of any higher-order velocity derivatives,
such as jerk, is also non-zero in turbulent flow for the same reason.

In Eq. (3), the relative gradient moments ΔM2, ΔM3, …transform
these variances in additional signal attenuation, which results in an
overestimation of turbulence with the IVPD-technique in Eq. (4).
Schmidt et al. [21] mentioned this effect, but otherwise, it belongs to the
less-known error sources in MRI turbulence quantification.

Regarding this error due to relative gradient moments, the most
accurate results could be obtained with single-point imaging (SPI)
methods as they have the shortest possible encoding times resulting in
relatively small high-order gradient moments. Also, the second gradient
moment M2 can be controlled straightforwardly with these sequences
[26]. However, SPI methods have a relatively long acquisition time.

Radial sequences with center-out trajectories can lead to reduced
high-order gradient moments compared to the Cartesian counterpart
[27]. However, their practical application is limited due to the 3D non-
Cartesian nature of the acquisition requiring long scan times and their
sensitivity to gradient delays and other timing inaccuracies as well as
modified reconstruction routines.

The state-of-the-art MRI method for velocity and turbulence quan-
tification is currently a Cartesian sequence employing a gradient-
recalled echo (GRE). Its drawback is the relatively large high-order
gradient moments when acquiring the k-space center, resulting from
the prephasing gradient followed by the readout gradient, rendering the
signal susceptible to acceleration and higher-order velocity derivatives.

2.3. Velocity-encoded pulse sequence with low sensitivity to the
derivatives of turbulence

The objective is to design a Cartesian GRE sequence with reduced
high-order relative gradient moments. This decreases the sequence’s
sensitivity to the variance of the derivatives of velocity, such as the
acceleration variance, which can lead to a substantial measurement bias.
The determining sequence parameters are the relative gradient moments
ΔM2,ΔM3,… between velocity-encoded and velocity-compensated
measurements. Another important parameter is the absolute value of
M2,M3,… in the velocity-compensated reference scan as these values
determine the baseline-magnitude in the IVPD-calculation. A reduction
in baseline-magnitude, for example, due to acceleration or jerk-
dependent dephasing, reduces SNR and results in less precise turbu-
lence data. In summary, a reduction of ΔM2,ΔM3,… reduces systematic
errors whereas a reduction of M2,M3,… in the velocity-compensated
reference scan reduces random errors.

These gradient moments vary across the k-space due to the readout
and phase encoding gradients. Consequently, instead of controlling the
high-order gradient moments, measures are implemented to reduce
their overall influence.

Detailed considerations on the sequence design can be found in
Appendix A. The main idea is to shorten TE and thus reduce absolute and
relative gradient moments. This is achieved through three measures:

- Using the FAST velocity encoding scheme to achieve the shortest
gradient design possible with velocity encoding

- Using the highest readout bandwidth possible to shorten the readout
gradient and consequently TE

- Using an asymmetric echo, the so-called partial Fourier technique, to
minimize the length of both the readout gradient and the prephasing
gradient

However, using an asymmetric echo shifts the k-space center to the
start of the readout gradient, resulting in a partially measured k-space.
Reconstructing this partial echo without any correction results in low-
frequency Gibbs ringing in the image [28]. This artifact does not

cancel out with the IVPD-technique in Eq. (4), as the ringing differs
between the velocity-encoded and reference measurements, thus,
resulting in ringing artifacts in the turbulence data. Also, the missing
parts of the k-space cannot be inferred from symmetry properties
because fluid motion leads to a non-Hermitian k-space [29]. Zero-filling
is often used in partial Fourier context, however, as it only interpolates
the data and cannot provide further information, it does not influence
the ringing.

This study introduces a sequence for turbulence quantification
combining the benefits of partial echo imaging with the accuracy of a
full echo. Fig. 1 presents the sequence structure. The sequence employs
two separately measured partial echoes with opposed readout di-
rections. Each partial echo leads to a k-space of the same dimension as
for symmetric echo acquisition, where the center of the k-space is shifted
such that the k-space center is located at 1/6 of the full readout direc-
tion. Consequently, each asymmetric echo covers 60 % of the whole
measured k-space. The resulting overlap between the two echoes within
the central k-space region allows to align the datasets and obtain the full
k-space.

The specific effects of each of the three applied measures - asym-
metric readout, high bandwidth, and velocity encoding - depend on
other sequence parameters such as image resolution, maximum velocity
encoding value, and system gradient limits. For the sequences executed
in the study, the Results section provides numerical values for the
changes of M2,M3,ΔM2, and ΔM3 to demonstrate the improvements
achieved.

2.4. MRI post-processing routine

Matlab 2022b (The Mathworks, Natick, USA) was used for recon-
struction and postprocessing.

2.4.1. Alignment of k-space data
Both acquired k-spaces are combined to yield a full k-space before

image reconstruction to reduce the ringing induced by the partial
echoes. The k-space coordinates of both partial echoes are shifted due to
gradient delays and eddy currents, so the partial k-spaces have to be
aligned for the positions of both k-space centers to coincide. In this

Fig. 1. Sequence structure of the proposed sequence with encoding scheme
FAST with the acquisition of the first partial k-space and a second partial k-
space using an inverted readout gradient (dotted line).
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study, the k-space data is aligned on a subvoxel basis using a linear phase
in the image domain. The shift was found according to Block and Uecker
[30]. After alignment, the partial k-space data is combined, and over-
lapping parts are averaged. Fig. 2 illustrates this procedure.

2.4.2. RST reconstruction
The velocity encoding directions are designed using the ICOSA6

encoding scheme to measure the full 6-component RST. The complex
images are reconstructed from the multi-channel MRI data using
ESPIRiT [31]. Then, the RST is obtained as described in the previous
work [21]. With this method, the magnitude data of the ICOSA6 enco-
ded measurements are normalized by the velocity-compensated mea-
surements. Then, a 3D Gaussian distribution is fitted onto the data using
a least-squares fit [21]:

|S(ku) |
/
|S0| = exp

(
− 1

/
2⋅kTuΣ− 1ku

)
(6)

whereby ku = γ
[
ΔM1,x ΔM1,y ΔM1,z

]T is the three-component encoding
vector and Σ is the covariance matrix of the Fourier transform of the 3D
Gaussian velocity distribution. The inverse of this matrix (Σ− 1) yields
the RST. Moreover, the data points are weighted to reduce the influence
of data points with values of |S(ku) |/|S0| close to zero or one. The highest
sensitivity is achieved when the ΔM1 value results in a 60 % relative
signal magnitude. Accordingly, a weighting function is applied which is
a Gaussian function centered at |S(ku) |/|S0| = 0.6 with a standard de-
viation of |S(ku) |/|S0| = 0.2 [12].

2.5. In-vitro experiments

The experiments were conducted in a periodic hill channel depicted
in Fig. 3 under identical flow conditions to those described by Schmidt
et al. [21]. This test case mirrors the Ercoftac case 81, “Flow over pe-
riodic hills” [32,33]. In this setup, the flow separates at the hill crests,

generating highly non-uniform and anisotropic turbulence, making it a
versatile benchmark. LDV data acquired as outlined in Schmidt et al.
[21] serves as the ground truth. A FiberFlow system (Dantec dynamics,
Skovlunde, Denmark) was used in coincidence mode in a 2-velocity
component configuration. At each measurement position, 15,000 to
85,000 valid coincidence samples were measured during 100 s. The
measurements were conducted in the symmetry plane of the channel
where the traversing system was calibrated to a target placed at a known
position. Six lines with a resolution of 0.5 mm and a 2D field with a
resolution of 2 mm × 2 mm were measured. The moments of velocity
were calculated via BSA Flow Software (Dantec dynamics, Skovlunde,
Denmark) applying transit time weighting.

The fluid flow was supplied by two 5.5 kW centrifugal pumps driven
by frequency converters and run in parallel. An ultrasound flow rate
sensor (Deltawave C-F, Systec Controls, Puchheim, Germany) was used
to observe the target flow rate of 255 L/min with a precision of 1 %. The
Reynolds number is 29,500 based on the hill height and the axial bulk
flow velocity at the hill crests. A 1000 L reservoir, including a thermo-
stat, was added to the flow loop to maintain a constant temperature of
22 ◦C. The working fluid was purified water with 1 g/L of Copper sulfate
added to allow short repetition times and not influence the viscous
properties of the fluid. The T1 of this liquid is about 250 ms according to
Thangavel and Saritas [34].

The measurements were performed on a 3 T MRI system (Magnetom
Tim Trio, Siemens, Germany) with 40 mT/m maximum gradient
amplitude and 200 T/m/smaximum gradient slew rate. The FOV, shown
in Fig. 3, was placed between the 12th and the 13th of 15 identical
consecutive hills. Two receive-only coils with four channels each were

Fig. 2. Combination of the two partial Fourier k-spaces acquired via inverted
readout: (A) finding the shift between the two k-space centers via optimization,
(B) eliminating the shift by applying a linear phase, flipping the second k-space
(C), averaging the overlapping parts of both k-spaces (D) yielding the combined
k-space (E).

Fig. 3. Schematic of the periodic hill channel.

Table 1
Description of the MRI sequence parameters.

Parameter Value

Matrix size (x,y,z) (496 mm, 120 mm, 6 mm)
Spatial encoding type
(x, y, z)

Frequency, phase, slice

Resolution 1 mm × 1 mm × 6 mm
Echo time 3,9 ms
Repetition time 7 ms
RF flip angle 15◦

Receiver bandwidth 920 Hz/pixel
Velocity encoding
values (ΔM1)

[50, 45, 40, 35, 30, 25, 20, 15, 10, 5] mT/m⋅ ms2

Number of averages 128
Total acquisition time 4 h 11 min
Comments The k-space is combined from two partial echoes with

opposed readout directions, each covering 60 % of the k-
space. We call this 10 % echo asymmetry.

S. Romig et al.
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placed around the target area from two sides.
The sequence parameters are presented in Table 1. The receiver

bandwidth was set to the maximum value. The ΔM1 values were iden-
tical to the previous study with the only exception that the lowest and
highest values were omitted since these ΔM1 were well outside the op-
timum range for this type of flow. The order of the acquisition loops of
the sequence was composed as follows. The first, inner loop consists of
the seven encoding directions, i.e. the ICOSA6 directions and one
velocity-compensated measurement. The second, third, and fourth loops
are the phase encoding, the ΔM1 encoding, and the averaging loop. 128
averages were acquired to reduce random errors. As the fifth and last
loop, the readout was inverted to acquire the two partial k-spaces. This
loop was placed at last since a frequent rapid change in the polarity of
the readout gradient led to artifacts. As a remedy, a 2-s gap was placed in
between the last loop for spoiling. The total measurement matrix
amounts to 17,920 2D acquisitions with a total acquisition time of 4 h
11 min.

3. Results

3.1. RST data obtained with the proposed sequence and uncertainty
estimation

First, results for the image reconstruction are provided. Fig. 4 shows
the data quality achieved with the inverted echo technique compared to
individual partial echoes. In part (C), both partial k-spaces are combined
for a velocity-compensated measurement using the technique described
in Fig. 2. Fig. 4, parts (A) and (B), show the image magnitude computed
directly from the individual partial echoes. Compared to the data from
the combined echo, the images show blurring at the hill contour and
pronounced low-frequent ringing in the readout direction.

Next, the RST reconstruction with the IVPD-technique in Eq. (6) is
shown. Fig. 5 illustrates the reconstruction process for two exemplary
voxels. The blue-marked voxel is in a highly turbulent flow region,
whereas the red-marked voxel is located in a less turbulent region. In
part (A) the normalized magnitudes for increasing ΔM1 values indicate
the signal attenuation related to ΔM1. Part (B) shows the projection of
the fitted Gaussian on the encoding direction 3 of the ICOSA6 scheme for
both marked voxels. The error bars in the image represent the standard
deviation of the magnitude values of all 128 signal averages. Each data
point is labeled with its weight used in the fit. The fitted curves are
consistent with the data points. Outlier points are in the high-turbulence

region (blue) for ΔM1 > 30 mT/m ms2. These points, close to the noise
floor, lack significant turbulence information and have minimal impact
on the fit due to their near-zero weights.

Fig. 6 presents the full measured RST obtained from the combined k-
spaces of both readouts. Parts (A) to (C) show the normal stresses
whereas parts (D) to (E) depict the shear stresses. The highest stresses
can be found in the shear layer behind the hill crest. As a nature of this
benchmark case, the RST data exhibit strong non-uniformity and
anisotropy. Themost dominant component is the normal stress along the
streamwise direction, ux́ux́, with a maximum value of about 0.15 m2/s2.

The uncertainty in the RST data is calculated using the dual acqui-
sition approach described by Bruschewski et al. [35]. In brief, the RST is
reconstructed from two data sets each consisting of half the averages
acquired, and the uncertainty is found as the standard deviation be-
tween the two calculated RST. For the components shown in Fig. 6, part
(A)-(F), the uncertainty values are 0.0013 m2/s2, 0.0012 m2/s2, 0.0014
m2/s2, 0.0010 m2/s2, 0.0013 m2/s2, 0.0009 m2/s2 respectively.

The symmetry of the flow is used to assess the overall degree of
experimental error, which includes errors in the boundary conditions of
the experiment. The measurements were taken in the symmetry plane,
meaning that the shear stress components ux́uź and uýuź must be zero
everywhere. This is confirmed in Fig. 6 (D) and (E) qualitatively by very
low stresses. Quantitatively, the standard deviation and the maximum
value in these components are 0.001 m2/s2 and 0.012 m2/s2. Overall,
the uncertainty and error estimates are low when considering the
maximum stress value of 0.15 m2/s2. Thus, this data set enables a robust
assessment of systematic measurement errors.

3.2. Comparison of the results with ground truth and previous data

Fig. 7 provides a straight comparison of the MRI data obtained in this
study, the LDV data representing the ground truth, and the MRI data
obtained with a conventional PC MRI technique in Schmidt et al. [21].
All data sets were measured under identical flow conditions. The new
MRI data is more consistent with the LDV data compared to the results in
the previous study.

Fig. 8 provides a more quantitative comparison of the three data sets.
Line plots of the LDV data and both MRI data sets acquired using the
conventional and the new sequence are shown at multiple streamwise
locations for all RST components for which LDV data were available:
ux́ux́ , uýuý and ux́uý . Rows (B) and (D) display the components depen-
dent on the readout direction x. The new MRI data exhibit substantially
lower deviations from the LDV data compared to the previous results.
The new sequence reduces the maximum deviation from 0.05 m2/s2 to
approximately 0.01 m2/s2 for both normal and shear stresses. The
relative error at maximal deviation decreases from 45 % to 7 % for the
normal stresses and from 110% to 17% for the shear stresses. Fig. 8, row
(C), shows smaller differences between the two MRI results and, overall,
a low deviation compared to LDV. This RST component corresponds to
the normal stress in the phase encoding direction y.

3.3. Calculation of gradient moments

The Appendix B Tables (B.1) and (B.2) provide the absolute and
relative gradient moments M2, ΔM2, M3 and ΔM3 in the k-space center
for the highest commonΔM1 of 50 mT/m⋅ms2 of the twoMRI sequences
compared in the previous section. They were calculated using Eqs. (A.1)
and (A.2) from Appendix A. Generally, the gradient moments vary with
spatial direction and the ICOSA6 encoding direction. The changes are
here represented by the magnitude of the gradient moments, defined as
the root-sum-squared value of the spatial components of the gradient
moments.

The absolute values of M2 and M3 in the velocity-compensated
reference scan affect the SNR of the baseline signal and, therefore, the
precision of the RST data. The proposed sequence has reduced the

Fig. 4. Normalized image magnitudes from (A) the partial k-space of the first
readout, (B) the partial k-space from the second readout, and (C) the combined
k-space RO: readout direction, PE: phase encoding direction.
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magnitude of M2 and M3 by 94 % and 98 %.
On average, the proposed sequence has reduced the magnitude of the

relative gradient moments ΔM2 and ΔM3 by 32 % and 56 %. For the
fourth encoding direction the magnitude value of ΔM2 and ΔM3 are
reduced even more by 39 % and 67 %. This encoding direction con-
tributes mainly to the RST components ux́ux́ and ux́uý , where the
strongest improvements are evident in (Fig. 8). Additionally, ΔM2 and
ΔM3 are more uniformly distributed over all spatial and encoding di-
rections than in the sequence from the previous study. Therefore,
measurement errors caused by the variance of acceleration and jerk
appear more isotropic in the results compared to the previous sequence.

4. Discussion

The objective was to investigate and reduce systematic errors in
state-of-the-art MRI methods for turbulence quantification. In-vitro ex-
periments were carried out within a controlled environment, yielding
data nearly devoid of noise which was compared to a known ground
truth.

The proposed sequence was designed to reduce the influence of the
variance of the derivatives of velocity, such as the acceleration variance,
which can lead to a substantial measurement bias in turbulence quan-
tification. The objective was to reduce the relative gradient moments
ΔM2, ΔM3, … between velocity-encoded and velocity-compensated
measurements and the absolute value of M2, M3, … in the velocity-
compensated measurement.

Figs. 7 and 8 illustrate the good agreement between the MRI data

Fig. 5. IVPD reconstruction for two exemplary voxels marked red and blue. (A): normalized magnitude images ∣S(ku)∣/∣S0∣ for encoding direction 3 of the ICOSA6
scheme for increasing ΔM1, flow direction indicated by the arrow. (B): Projection of 3D Gaussian fit to encoding direction 3 of the ICOSA6 scheme for two exemplary
voxels marked red and blue in (A), the data with one standard deviation from all 128 measurements is depicted as errorbars labeled with the weight used in the fit.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Full measured RST reconstructed from combined k-spaces, normal stresses (A)-(C), shear stresses (D)-(F).

S. Romig et al.
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acquired with the proposed sequence and the reference LDV data.
Compared to a previous study with a conventional PC MRI sequence, the
maximum degree of error was reduced 5-fold. The strongest improve-
ments were achieved for the RST components that depend on the
readout direction. The changes in the RST component dependent on the
phase-encoding direction were less pronounced since the error in the
data from the previous study was already low.

When comparing the numerical values for the gradient moments
with the achieved improvements, it is evident that the theoretical pre-
dictions align perfectly with the practical results. The accuracy of MRI
turbulence quantification strongly correlates with the reduction of high-
order gradient moments.

The improvements were achieved through three measures: applying
FAST velocity encoding, maximizing readout bandwidth, and using an
asymmetric readout. To reduce the ringing artifacts induced by the
asymmetric k-space, a second inverted readout was utilized, and both
partial k-spaces were combined into a complete k-space. Fig. 4 (A) shows
substantially less ringing in the magnitude image when the combined k-
space is used, compared to Fig. 4 (B) and (C), where only the partial k-
spaces are considered. Ringing artifacts in the RST data are almost
entirely removed.

The following recommendations are derived from these findings:

• FAST velocity encoding, high receiver bandwidth, and an asym-
metric echo are effective methods to reduce the higher-order
gradient moments of the sequence, thereby decreasing its sensi-
tivity to the variance of velocity derivatives, such as acceleration

Fig. 7. The first component of the RST obtained using LDV (A), with the pro-
posed sequence (two partial k-spaces acquired with inverted read-out gradients
and combination to a full k-space) (B) and with a cartesian sequence with
symmetrical readout from the study of Schmidt et al. [21] (C).

Fig. 8. RST components at locations indicated in (A) were acquired using LDV (blue), with a conventional sequence (red), and with the proposed sequence (green).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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variance, which can otherwise lead to an overestimation of
turbulence.

• It is recommended to acquire a second inverted echo and combine
both partial echoes to reduce imaging artifacts and achieve the ac-
curacy of a full k-space.

In this in-vitro study, data were extensively averaged, and multiple
encoding values were employed to minimize noise and isolate system-
atic effects. For in-vivo studies, image noise will partially obscure these
errors but these systematic effects will nonetheless remain present.

When applying the proposed recommendations to standard tech-
niques in medical contexts, the acquisition time nearly doubles, as the
new method relies on acquiring two partial echoes. However, this lim-
itation could be mitigated using advanced acceleration techniques such
as parallel imaging or sparse sampling strategies. Importantly, RST fields
typically exhibit smoother spatial variations and fewer details compared
to velocity fields. As a result, compressed sensing stands out as a
promising approach to significantly reduce acquisition times while
maintaining measurement accuracy.

5. Conclusion

MRI turbulence quantification relies on several assumptions that can
lead to significant measurement errors. This study demonstrated that
conventional PC MRI methods using the IVPD reconstruction technique
are particularly sensitive to the variance of the velocity field derivatives,
such as acceleration variance, which are inherent in turbulent flows. To

address these issues, several measures were proposed and implemented,
resulting in a 5-fold reduction in measurement errors in an in-vitro
experiment.

Future research should focus on in-vivo validation and the devel-
opment of acceleration techniques to reduce imaging times to clinically
practical levels.
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Appendix A. Sequence design for reduced higher-order absolute and relative gradient moments

The nth gradient moment of each gradient lobe can be calculated based on its zeroth Moment Mo, the starting time tG relative to the time of
excitation, and the length of the gradient TG : [36]

Mn = M0(tG + TG/2 )
n (A.1)

Assuming that the timing of the gradients in the velocity-sensitive measurement and the velocity-compensated reference measurement is similar,
the same approximations can be made for the nth relative gradient moment:

ΔMn = ΔM0(tG + TG/2 )
n (A.2)

From these equations, it can be concluded that the most effective way to reduce absolute and relative high-order gradient moments is by shortening
the duration of all gradients (minimize TG) and positioning them as close as possible to the time of excitation (minimize tG), resulting in a shorter TE.

Velocity-encoded GRE methods typically use one of two velocity encoding schemes: the FAST scheme [37] or the ECHO scheme [38]. Compared to
the FAST encoding scheme, the ECHO scheme reduces displacement artifacts but requires a longer gradient duration and the overall gradient area is
larger for the phase encoding direction [39]. Consequently, the FAST scheme emerges more favorable for reducing higher-order gradient moments.
Reduced duration of the gradients on the phase encoding axis can lead to shorter delays on both the frequency and slice axes.

Regarding spatial encoding, improvements can be made with the gradients in the readout direction. The readout bandwidth can be adjusted
independently of any other gradient. A higher bandwidth results in a shorter readout gradient duration, reducing the high-order moments of this
gradient. Next, the prephasing gradient, executed before the readout gradient, is modified. Depending on how the prephasing gradient is combined
with the velocity encoding gradients, a shorter prephasing gradient can reduce higher-order moments of both the prephasing and readout gradients. A
shorter prephasing gradient reduces TE such that the high-order gradient moments in the phase encoding direction are also reduced since dead times
in this gradient direction are decreased allowing earlier gradient execution.

A reduction of the prephasing gradient can also be achieved using an asymmetric echo because the area of the readout gradient that needs to be
compensated by the prephasing gradient before the echo center is smaller.

S. Romig et al.
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Appendix B. Absolute and relative gradient moments for the used sequences

Table B.1

M2 and ΔM2 in
mT
m

ms3 for the proposed sequence and for the sequence used in the previous study [21] calculated using Eqs. (A.1) and (A.2).

Coordinate direction ➞ x y z x y z

Encoding direction ↓ Proposed sequence Sequence from the previous study

M2

ref 1.09 0 4.247 35.4 0 65.7

RMS =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
M2
2x +M2

2y +M2
2z

√ 4.38 74.63

1 − 117 0 203 − 121 0 371
2 − 117 0 − 138 − 121 0 − 102
3 − 166 124 0 − 198 169 0
4 202 124 0 380 169 0
5 0 176 113 0 258 243
6 0 − 176 113 0 − 258 243
ΔM2

1-ref − 118 0 198 − 156 0 305
2-ref − 118 0 − 143 − 156 0 − 167
3-ref − 167 124 0 − 233 169 0
4-ref 200 124 0 345 169 0
5-ref 0 176 109 0 258 178
6-ref 0 − 176 109 0 − 258 178

RMS =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑

i={x,y,z}

∑

j
ΔM2

2i,j− ref

√ 521.40 772.35

Table B.2

M3 and ΔM3 in
mT
m

ms4 for the proposed sequence and for the sequence used in the previous study [21] calculated using Eqs. (A.1) and (A.2).

Coordinate direction ➞ x y z x y z

Encoding direction ↓ Proposed sequence Sequence from the previous study

M3

ref 11.6 0 11.1 516 0 361

RMS =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
M2
3x +M2

3y +M2
3z

√ 16.06 629.74

1 − 381 0 731 − 125 0 2080
2 − 381 0 − 361 − 125 0 − 198
3 − 481 437 0 − 364 816 0
4 754 437 0 2620 816 0
5 0 550 359 0 1190 1300
6 0 − 550 359 0 − 1190 1300
ΔM3

1-ref − 393 0 731 − 641 0 1715
2-ref − 393 0 − 361 − 641 0 − 559
3-ref − 492 437 111 − 880 816 0
4-ref 742 437 111 2110 816 0
5-ref 0 550 359 0 1190 944
6-ref 0 − 550 359 0 − 1190 944

RMS =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑

i={x,y,z}

∑

j
ΔM2

3i,j− ref

√ 1719.45 3904.88
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